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The  Smoke/Obscurants  Symposium  V,  held  on  28,  29  and  30  April  1981  Is  the  fifth  sponsored  by  my 
office  and  held  at  the  Harry  Diamond  Laboratories.  Fifty-two  papers  were  presented  at  this 
*  Symposium.  This  number  Is  only  60  percent  of  the  acceptable  papers  that  were  submitted.  In  order 
that  all  papers  of  merit  and/or  Interest  might  come  to  the  attention  of  the  Smoke/Obscurant  and 
Electro-Optical  communities,  all  such  papers  are  Included  In  these  Proceedings. 

The  Proceedings  of  the  Smoka/Obscurants  Symposium  V  are  being  published  In  three  parts.  These  are 
an  Unclassified  Section,  Volumes  I  and  II  of  Technical  Report  DRCPM-SMK-T-001-81 ;  a  Confidential 
Section,  Technical  Report  DRCPM-SMK-T-002-81 ;  and  a  Restricted  Addendum,  Technical  Report 
DRCPM-SMK-T-003-81. 

From  the  comments  received  from  attendees,  Smoke  Symposium  V  was  an  outstanding  success,  as  was  Its 
predecessors.  As  In  previous  years,  however.  It  remains  our  challenge  to  convert  the  developing 
technical  Information  discussed  In  the  Symposia  and  Proceedings  Into'flelded  combat  capabilities.  In 
this  regard  an  ever-increasing  emphasis  must  be  placed  on  doctrine  and  training  and  the  development 
of  smoke  and  obscurants  In  tactical  scenarios. 

Appreciation  Is  due  Major  General  Light  for  his  keynote  address  highlighting  the  past  year's  events 
and  outlining  our  future  challenges.  We  wish  to  thank  the  organizers,  the  authors,  the  editors,  the 
participants  and  the  presenters  for  their  contributions  to  the  success  of  this  Symposium  and  Its 
Proceedings.  Finally,  I  wish  to  express  my  appreciation  to  Harry  Diamond  Laboratories  and  ERADCOM 
for  continuing  to  host  the  Symposium. 


SAMUEL  L.  EURE 
Colonel,  cmlC 
Project  Manager 
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KEYNOTE  ADDRESS: 
SMOKE  sYMPffgWy 


MG  Allen  H.  light,  Jr. 

Commander,  ARRADCOM 
Dover,  New  Jersey  07801 

Good  Afternoon  Ladles  and  Gentlemen  1 

It  Is  a  great  pleasure  for  me  to  be  here  and  to  have  the  opportunity  to  address  the  Army's 
Fifth  Smoke  Symposium,  This  Is  the  first  Smoke  Symposium  that  I  have  been  able  to  attend.  I  have 
been  Informed  that,  thus  far, each  Symposium  has  been  better  than  the  previous  one.  This  Symposium, 
which  began  In  1977  as  a  small  forum  for  discussions  on  Army  smoke  materiel  and  the  direction  which 
the  Smoke/Obscurants  program  should  move,  has  grown  In  size  and  Importance.  Today,  It  provides 
the  principal  medium  for  discussing  and  disseminating  technical  and  operational  Information  on 
the  effects  of  both  man-imde  and  natural  obscurants  on  electro-optical  devices.  Smoke  Symposium  V 
Is  a  very  Important  event,  and  I  thank  you  for  your  participation.  I  especially  acknowledge  the 
attendance  and  participation  of  our  Allies. 

Over  the  past  year,  as  shown  In  Figure  1, several  significant  accomplishments  and  actions  have 
occurred  which  provide  new  strength  and  direction  to  the  Army  Smoke/Obscurants  program.  First 
there  was  a  management  realignment  last  summer  In  which  the  Office  of  the  Project  Manager  Smoke/ 
Obscurants  was  assigned  to  my  command,  ARRADCOM.  For  the  first  time,  PM  Smoke  Is  a  member  of  the 
same  command  as  the  development  laboratories  which  have  primary  responsibility  for  smoke/aerosol 
technology  and  smoke  material  developments- -Chemical  Systems  Laboratory  and  Large  Caliber  Weapons 
Systems  Laboratory.  That  management  change  and  other  actions  which  1  will  subsequently  mention 
will  make  1980-81  as  significant  for  the  Smoke/Obscurants  program  as  was  1976, when  the  Army  Vice 
Chief  of  Staff  directed  the  establishment  of  0PM-5moke. 

Perhaps  the  most  significant  and  far-reaching  event  was  the  1980  Chemical  Systems  Program 
Review, which,  for  brevity,  we  call  the  CSPR.  The  Vice  Chief  of  Staff  of  the  Army  hosted  a  review 
of  the  Army's  chemical  warfare,  chemical  and  biological  defense  and  smoke  systems  In  May  of  1980. 

At  that  review,  I  chaired  a  general  officer  panel  which  was  concerned  with  smoke  operations.  New 
thrust  and  emphasis  have  been  placed  on  the  Army  smoke  program  as  a  result  of  the  CSPR.  Figure  2 
summarizes  the  key  smoke  and  obscurants  actions  which  will  be  directed  by  the  Army's  Chemical 
Action  Plan.  In  response,  ARRADCOM  elements  must  have  new  and  enhanced  programs  created  to  meet 
future  threats  and  to  provide  new  capabilities  to  the  Army. 
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In  the  case  of  the  smoke  program,  the  Chemical  Systems  Program  Review  Identified  a 
need  to  enhance  and  expedite  our  planned  developments  in  infrared  defeating  munitions  and  materials, 
with  particular  attention  to  our  capability  to  project  those  materials  on  enemy  forces.  The  CSPF!  also 
identified  the  need  for  preparation  of  an  enhanced  Smoke  Technology  Base  Program  to  intensify  the 
search  for  better  IR  defeating  materials,  The  Smoke  Tech  Base  Program  plan  has  been  prepared,  staffed 
within  DARCQM  and  TRADOC,  and  briefed  at  HQ,  ARRADCOM  and  HQ,  DARCOM.  The  program  plan  will  be 
forwarded  through  channels  for  approval. 

TRADOC,  in  their  response  to  the  directions  of  the  Chemical  Systems  Program  Review,  took 
certain  actions.  The  most  significant  for  the  smoke  program  was  the  approval  of  a  smoke  operational 
concept.  TRADOC  published  a  concept  for  the  employment  of  smoke  In  September  1980,  This  document 
is  pivotal  In  Insuring  that  the  Army  Is  prepared  to  effectively  use  obscurants  in  battle  and,  at  the 
same  time,  cope  with  the  rigors  of  operations  under  obscured  conditions,  In  the  smoke  concept, 
several  roles  for  the  application  of  smoke  have  been  reemphasized  and  several  new  applications  for 
smoke  have  been  Identified.  They  will  Impact  both  on  the  smoke  technology  program  and  the  material 
development  program  In  the  coming  years.  The  smoke  concept  also  provides  a  foundation  for  the 
Integration  of  the  employment  of  smoke  Into  combined  arms  tactics  and  doctrine.  One  of  the  priority 
recommendations  of  the  Chemical  SPR  action  plan  Is  to  use  the  concept  as  a  foundation  for  a  revision 
of  "How  to  Fight"  manuals  to  Insure  that  the  Integrated  employment  of  smoke  and  obscurants  Is  Included 
In  those  manuals. 

We  see  growing  from  these  actions  Increased  needs  for  materiel  support  for  training.  COL  Eure's 
office  Is  now  studying  requirements  and  planning  for  the  support.  One  action  which  will  place 
heavy  demands  for  support  of  training  In  obscured  environments  Is  the  National  Training  Center. 

The  past  year  has  seen  tremendous  progress  towards  the  Implementation  of  the  National  Training  Center 
Concept  by  a  combined  TRADOC/ FORSCOM  management  team.  The  National  Training  Center  will  provide 
unparalleled  opportunity  for  training  our  soldiers  under  realistic  battlefield  conditions,  including 
smoke.  Not  only  will  units  be  able  to  maneuver  through  realistic  scenarios  using  their  principal 
weapons  systems  in  a  combined  arms  approach,  but  they  will  be  able  to  do  so  under  conditions  as 
realistic  as  is  safely  achievable  using  modern  technology,  The  center  will  provide  soldiers  an 
opportunity  to  experience  obscured  environments  as  well  as  to  employ  obscurants  In  a  tactical  setting. 
Short  of  actual  combat,  the  Army  has  never  had  the  training  opportunity  such  as  that  presented  at 
the  National  Training  Center, 
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With  respect  to  force  structure,  we  have  recently  seen  a  number  of  concepts  Implemented. 

I  want  to  briefly  mention  the  Rapid  Deployment  Force  (RDF),  the  High  Technology  Test  Bed,  and  some  of 
the  other  force  structure  changes  which  are  impacting  on  the  Army  Smoke/Obscurants  Program. 

First  the  RDF.  The  formation  of  the  RDF  presents  some  definite  advantages  for  the  Army  ih 
light  of  the  objectives  of  having  a  highly  mobile,  yet  highly  survivable  strike  force,  PM  Smoke  has 
been  invited  by  OSD  to  participate  In  RDF  matters  and  has  devoted  a  considerable  amount  of  thought 
and  Initiative  In  Identifying  smoke  munltlons/materlal  which  can  enhance  the  survivability  of  forces 
such  as  the  RDF.  We  look  forward  to  continued  efforts  to  this  end. 

The  High  Technology  Test  Bed,  operated  by  the  9th  Infantry  Division,  Fort  Lewis,  Offers  unique 
opportunities  to  evaluate  new  force  structure  concepts  and  materiel  to  support  those  concepts, 

In  the  future,  we  hope  to  have  the  opportunity  to  test  smoke  systems  such  as  the  smoke  grenade 
launchers,  the  visual  through  near-IR  L8A1  grenade,  the  SM76  far-infrared  defeating  grenade,,  the 
SM49  smoke  generator,  and  other  smoke  devices  and  concepts  using  the  High  Technology  Test  Bed  as 
a  vehicle  for  those  evaluations.  Those  evaluations  will  clearly  demonstrate  the  contribution  smoke  can 
make  to  enhance  survivability. 

Other  force  structure  changes  Include  formation  of  the  Zd  Chemical  Battalion  (Smoke  Generator) 
and  approval  of  Army  66  concepts.  The  Amy  86  concepts  Include  significant  Increases  In  smoke  force 
structure  In  the  form  of  Increased  smoke  generator  companies  and  battalion  headquarters  and  head¬ 
quarters  detachments  at  the  corps  level.  The  Division  86  concept  Includes  provision  for  a  smoke 
generator  platoon  at  the  division  level  as  a  part  of  the  Division  86  NBC  Company. 


In  September  of  this  year,  the  Army  Is  scheduled  to  activate  a  chemical  smoke  generator  battalion, 
which  Is  the  first  smoke  generator  battalion  the  Amy  will  have  had  for  almost  10  years.  See 
Figure  3.  Formation  of  the  Second  Chemical  Battalion,  comprised  of  four  separate  smoke  generator 
companies  and  battalion  headquarters  and  headquarters  detachment, will  provide  Improved  smoko  employ 
ment  capabilities  sorely  needed  by  the  Army.  The  Second  Chemical  Battalion  elements  will  be  stationed 
throughout  the  country.  Besides  providing  substantial  combat  smoke  capability  In  the  event  of 
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deployment  of  the  Battalion,  the  units  will  also  provide  a  substantial  asset  for  the  training  of 
Army  units  under  obscured  conditions. 

Our  Smoke  Materiel  Development  Program  is  continuing  to  show  good  progress.  We  can  provide 
more  effective  screening  and  obscuration  in  the  visual  and  near-infrared  regions  of  the  spectrum 
with  the  application  of  the  submunition  concept  to  smoke  armunltlon.  The  submunition  concept 
provides  more  smoke  for  longer  duration,  markedly  reducing  the  logistics  burden  which  standard  smoke 
ammunition  Imposes  upon  battlefield  commanders.  1981  saw  the  Initial  production  of  our  first 
smoke  submunition  ammunition  Item,  the  M259,  2.75  Inch  smoke  rocket.  The  M259  will  give  the 
army  a  new  and  exceptionally  effective  smuke  capability.  This  yeap  another  submunition  ammunition 
Item,  the  XM819  81  MM  mortar  round,  began  full  scale  engineering  development,  and  the  XM825  155MM 
smoke  projectile  will  begin  DTII/0TI1  testing.  For  far-IR  screening  and  obscuration,  advanced 
development  continues  on  the  XM76  grenade  and  XM49  generator  systems,  which  will  provide  our  first 
far-infrared  screening  capabilities.  Next  year,  we  will  be  imitating  advanced  development  programs 
on  other  IR  defeating  systems  and  will  provide  an  1R  candidate  and  participate  In  the  NATO  field 
trials. 

Field  experiments  and  field  tests  are  of  great  significance  to  the  Smoke/Obscurants  and  Electro- 
Optical  community,  The  most  comprehensive  field  test  conducted  over  the  past  year  was  Smoke  Week  III, 
which  was  held  In  August  1980  at  Eglln  Air  Force  Base.  There  ware  42  different  obscurant  trials 
conducted, using  18  obscurants  In  which  35  electro-optical  devices  were  evaluated.  Among  the  many 
accomplishments  was  the  demonstration  of  the  effectiveness  of  Improved  laser  guided  projectile 
logic. 

smoke  Weeks  concentrate  on  Intentional,  man-made  obscuration.  Two  other  tests  were  performed 
In  the  field  this  year  which  concentrated  on  natural  and  unintentional  obscuration.  The  first, 
sponsored  by  the  Corps  of  Engineers,  was  the  Scenario  Normalization  for  Operations  In  Winter 
Obscuration  and  the  Natural  Environment  (Snow  I  Series).  The  second,  the  Dusty  Infrared  Transmission 
Tost  III,  DIRT  III,  sponsored  by  the  Atmospheric  Sciences  Laboratory,  was  conducted  at  Folt  Polk, 
Louisiana.  In  the  first  test, we  were  concerned  primarily  with  the  effect  of  snow  and  other  forms 
of  winter  natural  obscuration  on  the  propagation  of  electromagnetic  radiation.  In  the  second, 
propagation  of  electromagnetic  radiation  through  the  dust  and  debris  that  results  from  artillery 
explosions  was  evaluated.  Presentations,  scheduled  to  be  given  later  In  the  Symposium,  will  high¬ 
light  results  of  those  tests. 
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Has  Obscurants/F.O  field  testing  Increased  the  combat  readiness  of  the  Army?  From  all  Indications, 
I  believe  so,  The  field  soldier  has  benefltted.  Changes  In  obscuring  materials  arid  dissemination 
techniques  tested  at  the  Smoke  Weeks  are  being  provided  to  the  soldier  In  the  field  In  various  forms 
to  enable  him  to  evade  detection  by  enemy  target  acquisition  devtces  and  to  neutralize  ATGM's. 

Modelers,  wargamers,  and  major  systems  developers  have  also  benefltted.  Improvements,  being  made 
to  COPPERHEAD  and  TOW  as  a  result  of  testing  In  obscurants,  will  turn  misses  Into  hits.  HELLFIRL 
will  be  capable  of  destroying  more  enemy  tanks  because  of  changes  brought  about  by  testing  In 
battlefield  obscurants.  Finally,  our  own  target  acquisition  and  detection  devices  will  have  their 
operational  performance  envelope 'more  clearly  defined. 

In  the  next  two  days,  you  will  have  the  opportunity  to  hear  many  fine  papers  presented  by  experts 
In  their  fields.  It  Is  my  fervent  hope  that  you  will  find  your  Interest  stimulated,  your  curiosity 
piqued,  some  of  your  conclusions  questioned,  and  certainly  your  knowledge  broadened.  A  lot  of 
Information  will  be  beamed  In  your  direction.  However,  It  Is  extremely  Important  that  eveyone  keep 
the  goal  clearly  In  focus—that  goal  being  to  provide  an  Improved  combat  capability  for  US  and  Allied 
forces.  As  you  leave  this  Symposium,  ask  yourself,  "What  have  I  learned  here  which  can  be  converted 
Into  on  enhanced  combat  capability?"  If  one  clear  and  practical  Idea  comes  to  mind,  then  I  would 
consider  Smoke  Symposium  V  to  have  been  a  success.  I  give  you  my  best  wishes  to  that  and. 


SMOKE  PROGRAM  ACCOMPLISHMENTS 


•  MANAGEMENT  REALIGNMENT 

•  CHEMICAL  SPR 

•  FORCE  STRUCTURE  ACTIONS 

•  MATERIEL  DEVELOPMENT  PROGRAMS 

•  COUNTERMEASURES  TESTING 

SMOKE  SYMPOSIUM  V 


FIGURE  1.  SMOKE  PROGRAM  ACCOMPLISHMENTS 


KEY  CSPR  SMOKE  AND  OBSCURANT  ACTIONS 


DOCTRINE  •  PREPARE  AND  APPROVE  SMOKE  CONCEPT 

•  INTEGRATE  SMOKE  EMPLOYMENT  INTO  MANUALS 

EQUIPMENT  •  DEVELOP  IR  DEFEATING  SYSTEMS 

•  EXPEDITE  DEVELOPMENT  OF  IMPROVED  VISUAL  AND  NEAR  IR 

DEFEATING  SYSTEMS 

•  EXPEDITE  APPLICATION  OF  PROTECTIVE  SMOKE  SYSTEMS  TO 

THE  COMBAT  VEHICLE  FLEET 

TRAINING  •  ACCOMPLISH  ARTEP  PRIMARY  MISSION  TASKS  IN  SMOKE 

•  INCLUDE  SMOKE  PLAY  AT  NATIONAL  TRAINING  CENTER 

•  DEVELOP  SIMULATIONS  WHICH  INCLUDE  OBSCURATION  FOR 

TRAINING  WITH  ELECTRO-OPTICAL  DEVICES 

FORCE  STRUCTURE  •  ACTIVATE  MORE  SMOKE  COMPANIES  AND  BATTALION 

HEADQUARTERS 

•  INCLUDE  SMOKE  GENERATOR  CAPABILITY  IN  DIVISIONS 

•  MOUNT  SMOKE  GENERATOR  COMPANIES  IN  TRACKED  VEHICLES 


FIGURE  2.  KEY  CSPR  SMOKE  AND  OBSCURANT  ACTIONS 
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REMARKS  AT^THEgCLOSINC; 

COL  (Ret.)  Henry  R.  Shelton 
Systems  Planning  Corp. 

Arlington,  V A  22209 

When  I  started  the  PM  Smoke  office  six  years  ago,  I  found  three  diverse  communities  within  the 
Army  that  had  their  own  parochial  Interests.  First,  the  technical  community  of  sub-cultures  devoted 
to  smoke  development,  modeling,  and  testing.  Second,  the  user,  who  knew  he  had  a  problem  but  not 
what  It  was  all  about.  Somewhere  In  between  was  a  third  community  made  up  of  design  engineers 
who  were  working  on  sophisticated  sensors  and  guidance  systems. 

The  last  three  days  I  have  listened  to  outstanding  scholastic  presentations  from  the  technical 
community,  but  the  alarming  trend  seems  to  be  emphasis  on  a  precise  scientific  answer  to  very 
Imprecise  activities.  Secondly,  there  appears  to  be  a  lack  of  communications  with  the  user. 

What  I  mean  by  that  comment  Is  the  scientific  community  must  tell  the  user  how  these  technological 
breakthroughs  can  be  used  to  solve  user  deficiencies.  One  exception  to  these  caustic  comments  Is 
In  the  test  area  where  the  Martin-Marietta  presentation  on  the  fix  to  the  COPPERHEAD  seeker  was 
an  excellent  example  of  the  payoff  from  Smoke  Week  testing,  In  this  example,  hardware  performance 
was  tested  In  a  field  environment,  deficiencies  recorded,  and  engineering  solutions  undertaken  to 
Improve  seeker  performance  without  trying  to  scientifically  define  every  detail  of  the  problem. 

Next,  I  am  most  concerned  about  the  Imbalance  in  the  representation  at  this  symposium  in 
the  lack  ol  user  representatives  and  the  design  engineers.  This  Is  not  Intended  as  a  criticism  of 
the  presentations  given  by  representatives  of  the  US  Army  Chemical  School  and  M1COM,  but  the  facts 
remain  that  they  were  overshadowed  by  sheer  numbers  of  technically  oriented  papers. 

This  leads  to  what  1  believe  to  be  a  two-way  problem.  The  first,  the  science  and  technology 
cotminlty  failure  to  communicate  to  the  user  technological  opportunities  and  what  they  might 
contribute  on  the  battlefield.  The  second,  the  user  community's  failure  to  communicate  the  specific 
battlefield  conditions  where  obscurants  could  be  used  as  a  combat  multiplier.  This  Includes 
broad  requirements  In  terms  that  the  science  and  technology  community  can  understand, 

In  conclusion,  I  have  a  prediction  to  make.  That  Is,  the  resource  support  of  the  tech  base, 
which  has  been  substantial  In  the  last  few  years,  will  evaporote  due  to  Its  own  hot  air  unless  the 
user  Is  brought  Into  focus. 


CLOSING  REMARKS: 

SMOKE  SYMPOSIUM  V 

COL  Samuel  L,  Eure 

Project  Manager,  Smoke/Obscurants 
Aberdeen  Proving  Ground,  Maryland 

Gentlemen: 

I  won't  take  too  much  of  your  time.  I'm  sure  you  want  to  get  on  the  road. 

Thank  you  for  your  participation  In  Smoke  Symposium  V.  Thanks  to  you  we  can  declare  the 
Symposium  a  success.  I  want  to  especially  thank  the  authors  and  presenters  for  their  time  and 
efforts,  I  also  want  to  recognize  Dr.  Ron  Kohl  and  his  crew  from  the  University  of  Tennessee 
Space  Institute  for  their  superb  job  In  organizing  and  conducting  this  Symposium.  Dr.  Kohl 
Wanted  me  to  be  sure  to  also  recognize  the  stand-by  presenters.  They  prepared  talks  with  little 
assurance  of  being  able  to  present  them.  Their  availability  contributed  significantly 
to  the  success  of  the  Symposium. 

Dr.  Kohl  has  said  that  we  are  a  community  which  "Lets  It  all  hang  out".  This  may  have 
startled  some  of  you  who  have  not  been  to  Smoke  Symposiums  previously.  I  believe  that  this 
attitude  Is  one  of  the  factors  which  contributes  to  the  success  of  the  Symposium  and  our  programs. 

I  thought  you  might  be  Interested  In  some  statistics  which  demonstrate  the  success  of  Smoke 
Symposium  V.  Over  200  people  attended  the  Symposium  In  spite  of  the  severe  travel  restrictions 
we  are  now  experiencing,  These  people  represented  over  twenty  government  agencies  from  eight 
major  commands  and  all  four  services.  Twenty-three  government  contractors  and  four  academic 
Institutions  were  represented.  In  addition,  allies  from  7  nations  have  Joined  us,  I  am  particularly 
pleased  with  the  participation  of  these  contractors,  Institutions,  and  allies.  This  breadth 
of  representation  Is  a  part  of  the  formula  which  creates  successful  gatherings  like  this, 

I  would  appreciate  any  suggestions  you  might  have  for  Improving  future  symposiums.  Your 
completion  of  the  reaction  form  which  you  will  find  In  your  folder  will  be  a  great  help  toward 

this  end.  Gary  Nelson,  my  right  hand  countermeasures  man,  Dr.  Kohl,  or  I  would  also  be  glad  to 

discuss  any  Ideas  you  might  have.  I  have  one  suggestion  which  I'd  like  to  send  back  with  our 
TRADOC  representatives.  We  badly  need  more  Input  In  the  training  and  doctrine  area  to  round  out 
the  Symposium.  You  might  be  thinking  of  ways  to  encourage  the  trainers  and  tactltlons  to  submit 
papers  and  participate  In  future  Symposiums. 

One  last  point  before  I  close  the  symposium. 

figure  1  shows  events  of  Interest  to  all  of  you  during  the  coming  year,  These  are  some  of 

the  events  which  I  hope  will  result  In  contributions  to  future  Smoke  Symposia,  1  look  forward 

vxv 


EUT.UHt_EYEN.lS 


SMOKE  WEEK  IV  PLANNING  MEETING 

REDSTONE  ARSENAL,  AL 

20  -  21  MAY  81 

FIELD  OBSCURANTS  DATA  WORKSHOP 

APG,  MD 

16  -  18  JUN  81 

JTCG/ME  SAWG  MEETING 

APG,  MD 

9  -  11  JUN  81 

SNOW  ONE  SYMPOSIUM 

CRREL,  HANOVER,  NH 

N  -  5  AUG  81 

SNOW  ONE  A  PLANNING  MEETING 

CRREL,  HANOVER,  NH 

6  AUG  81 

SMOKE  WEEK  IV 

REDSTONE  ARSENAL,  AL 

2  -  6  NOV  81 

SNOW  ONE  A 

CAMP  ETHAN  ALLEN,  VT 

DEC  -  FEB  82 

SMOKE  SYMPOSIUM  VI 

HDL,  ADELPH1,  MD 

APR  82 

FIGURE  1.  EVENTS  OF  INTEREST, 


to  seeing  many  of  you  at  these  events. 

With  that,  I  declare  Smoke  Symposium  V  officially  closed,  Again,  my  sincere  thanks  for  your 
participation.  Please  drive  carefully  and  have  a  safe  trip  home. 


AGENDA* 
for  the 


PRELIMINARY  SESSION 

(U.S.  Citizens  Only) 
of  the 

SMOKE/OBSCURANTS  SYMPOSIUM  V 

Tuesday  Morning 
28  April  1981 


Harry  Diamond  Laboratories 
2800  Powder  Mill  Road 
Adelphl,  Maryland  20783 


TUESDAY  MORNING  28  APRIL  1981 


0745  -  0840 

Registration 

0840 

Administrative  Announcements 

Paper  From 

AREA  A.  TESTING,  INSTRUMENTATION  AND  METHODOLOGY 

0845  A-U. 

SAM  Launch  Cloud  Interference  with  E-0  Surveillance  by  George 
Buckle,  Naval  Ordnance  Station,  Charles  R.  Cundlff  and  W.  Roy' 
Price,  Office  of  Missile  ElectroffTcUairVare  -  20 

Papers  From 

AREA  C.  SMOKE/OBSCURANT 

TECHNOLOGY  AND  HARDWARE  DEVELOPMENT 

0840  C- IS. 

Novel  Multlspectral  Screening  Materials  by  Richard  Kenlev.  Gerald 
August,  Marie  Comas,  and  Zolla  Reyes,  SRI  International  -  15 

0940  C-6. 

Evaluation  of  Multlspectral  Screening  Smoke  Generators  by  James 

0.  Savage  and  Rov  E.  Shaffer,  Chemical  Systems  Laboratory  -  IS 

1005  C-7. 

Redlspersal  of  Multlspectral  Obscuring  Fibers  by  Paul  L.  Bachman. 
Aerodyne  Research,  Inc.  -  15 

1030  COFFEE  BREAK 

1100  C-8. 

IR  Screening  Smoke  Development  by  D.  R.  Dlllehav,  Thlokol-  10 

1120  C-13. 

COPPERHEAD/HELLFIRE  Seeker  Performance  In  Battlefield  Obscurants 
(Smoke  Week  III)  by  Ray  Schneider.  Missile  Coronand  -  10 

1140  C- 12. 

COPPERHEAD  Performance  on  the  Modern  Dirty  Battlefield  by  Howard 

E.  Weaver  and  George  D.  Mlnto,  Martin-Marietta  Corp.  -  20 

*Scheduled  times  assume  full  utilization  of  all  time  periods  alloted  for  papers  and  discussion, 
The  schedule  will  Du  allowed  to  slip  forward  In  time  tn  order  in  end  the  day  earlier  or  to  add 
another  paper. 
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Preliminary  Session  (Continued) 


Paper  From 

AREA  D,  DOCTRINE  AND  TRAINING.  CONCEPTS  AND  SYSTEM  EVALUATION  AND  ANALYSIS 


1210  D-5.  Warsaw  Pact  Irritant  Smokes  -  A  New  Dimension  In  Combat  by 

Frank  Poleskl,  Foreign  Science  and  Technology  Center  and 
LTC  John  Bulger.  Office  of  the  Project  Manager,  Smoke/ 
Obscurants  -  10 


1230  FND  Or  PRELIMINARY  SESSION 

(Lunch  available  in  Cafeteria) 


xxvi  i  i 


AGENDA 
for  the 


SMOKE/OBSCURANTS  SYMPOSIUM  V 


Tuesday  Afternoon,  28  April  1981 
through 

Thursday,  30  April  1981 


Harry  Diamond  Laboratories 
2800  Powder  Mill  Road 
Adel  phi,  Maryland  20783 


TUESDAY  AFTERNOON  28  April  1981 


1300  -  1330 


Registration 

Welcome  to  Smoke/Obscurants  Symposium  V 
COL  Samuel  L.  Eure 
Project  Manager,  Smoke/Obscurants 

Introduction  of  Keynote  Speaker  by  COL  Eure 

Keynote  Address 

MG  Allen  H.  Light,  Jr, 

Commander,  ARRADCOM 

Administrative  Announcements 


AREA  A.  TESTING.  INSTRUMENTATION  AND  METHODOLOGY 


1405  A-l. 


1430  '  A-2. 


1455  A- 3 


High  Wind  Smoke  Screening  by  Stephen  L.  Cohn,  Atmospheric 
Sciences  Laboratory  (ASL)  -  ITT’ 

A  First  Look  at  SNOW-ONE  Results  by  George _W _AjUken ,  U.  S. 
Army  Cold  Regions  Research  and  Engineering  Laboratory 
(CRREL)  -  15 

An  Overview  of  Smoke  Week  III  by  Gary  Nelson,  Office  of  the 
Project  Manager,  Smoke/Obscurants  -  10 


1515  Coffee  Break 
1535  A- 4, 


Results  from  United  Kingdom  Electro-Optics  Sensors  at  Smoke  Week 
III  by  S,  Brlam,  P.  H.  Davies,  P.  Griffith,  K.  Hulme,  J.  Payne 
and  P.  Richardson,  Royal  Signals  and  Radar  Establishment  -  20 
(presented  by  W,  A,  Shard) 


‘Scheduled  times  assume  full  utilization  of  all  time  periods  alloted  for  papers  and  discussion. 
The  scheduV'  will  be  allowed  to  slip  forward  In  time  In  order  to  end  the  day  earlier  or  to 
add  another  paper. 
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Tuesday  afternoon  28  April  1981  (continued) 

AREA  A.  (continued) 

1605  A-5.  Combined  Presentation:  Description  of  a  System  for  the  Measurement 

8  of  Optical  and  Millimeter  Wave  Transmission  Through  Battlefield 

A-6,  Environments  by  R.  J.  Keyes  and  Results  of  Simultaneous  Transmission 

Measurements  at  MMW  and  Various  Optical  Frequencies  in  a  Battlefield 
Environment  by  R.J.  Saslela.  Massachusetts  Institute  of  Technology, 
Lincoln  Laboratory  -  20 

1635  A-7.  155  mm  Smoke  Projectile  -  Field  Test  by  Nlsslm  Dayan,  MOD/R&D, 

Israel  -  15 


1700  A-8. 


Canadian  Program  In  Antl-IR  Screening  Aerosols  bv  R.  E.  Kluchert, 
Defense  Research  Establishment  Valcartler,  Canada  -  15  ' 


1725  End  of  First  Day 


WEDNESDAY  29  APRIL  1981 

0745  -  0815  Registration  and  Badge  Pick  Up 

AREA  A.  (continued) 

0815  A- 12.  Estimation  of  Precision  of  Smoke/Obscurants  Measurements  and  Product 

Variability  by  James  F,  O'Brvon.  JTCG/ME  Smoke  Aerosol  Working  Group- 
15 

0840  A-13.  A  Data  Reduction  Technique  for  Field  Data  by  Marvin  Smith,  Keith  Jones 

and  P.  Klttlkul,  Oklahoma  State  University  -  15 

0905  A- 34.  Infrared  Measurements  with  the  MIDAS  III  Radiometer  During  Smoke  Week 

III  Tests  by  A.  G,  Gelser,  Cincinnati  Electronics  -  15 

0930  A-15.  Data  Obtained  from  the  Smoke  Week  III  Instrumentation  Cluster  by 

W,  Michael  Farmer,  University  of  Tennessee  Space  Institute  -  20 

1000  A- 16.  Battlefield  Smoke/Dust  Parameters  Measured  In-SItu  Using  Spectrophones 

bv  G.  W.  Bruce.  V.  P.  Yee,  A.  V.  Jellnek,  L.  M.  Moore  and  N.  Richardson, 
ASL  -  10 


1020  Coffee  Break 

1040  A- 17 .  In-Si tu  Measurements  of  Phosphorus  Smokes  During  Smoke  Week  III  by 

D.  M.  Garvey,  G,  Fernandez,  C.  W,  Bruce  and  R,  G.  Plnnlck,  ASLt  10 

1100  A- 19 .  Particle  Size  and  Infrared  Absorption  Measurements  of  IR  Smokes  During 

Smoke  Week  III  by  R,  G.  Plnnlck,  G.  Fernandez,  C.  W.  Bruce, 

D.  M.  Garvey  and  B.  D.  Hinds,  ASL  ••  10 

112C  A-20.  Thermal  Radiance  of  Smokes  and  Battlefield  Fires  by  T,  W.  Cassidy  and 

W,  E.  Stump,  Night  Vision  and  Electro-Optics  Laboratory  -  20 

1150  A-21.  The  Infrared  Characterization  of  Smokes  and  Obscurants  Utilizing  the 

Honeywell  Background  Measurement  Spectroradlometer  by  J.  R.  Bryson, 

M.  J.  Flanagan,  Honeywell  and  D,  R.  Snyder,  Eglln  AFB  -  15 

1215  A-23.  Propagation  of  a  High  Power  Pulsed  Laser  Through  Battlefield  Aerosols 

by  Thomas  G,  Miller,  U.  S.  Army  Missile  Connnnd  (MICOM)  -  15 


xxx 


Wednesday  ?')  April  (Continued) 
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Beginning  at  1310  the  14  minute  film  "Dusty  Infrared  Test  Series"  (paper  A-9  by 
Bruce  Kennedy,  ASL)  will  he  shown.  This  will  be  followed  by  a  few  vlewgraphs 
on  the  Dusty  Infrared  Test  -  III  (Paper  A-10  by  Bruce  Kennedy,  ASL).  Both 
will  be  presented  by  Frank  Niles ,  ASL. 


AREA  B.  MODELING 
1340  B-l. 


1405  B-2. 


1430  B-3. 


1455  Coffee  Break 
1515  B-4. 


1545  B-7. 


1610  B-B. 


16-5  B-9. 


1655  B-10. 


1715  End  of  Second  Day 


Temporal  Characterl7at1on  of  Smoke  and  Dust  Cloud  Geometry  by 
Processing  of  Two-Perspective  Video  Images  by  George  R.  Blackman, 
ASL  -  15 

Munition  Expenditure  Model  Verification,  KW1K  Phase  I  by  Ricardo 
Pena.  ASL  -  15 

Comparisons  Between  the  Upgraded  Model  ACT  II  and  Recent  Smoke  Week 
Tests  by  Robert  Sutherland.  ASL  -  15 


Battlefield  Environment  Laser  Designator  Weapon  System  Simulation 
(BELDWSS)  Test  and  Simulation  Results  by  Robert  Yates.  MIC0M  -  20 

Sensitivity  of  Calculated  Transmlttances  In  Artillery  Produced  Dust 
Clouds  to  Variations  In  Model  Inputs  by  Melvin  G.  Heaps  and  Donald 
W.  Hoock.  ASL  -  15 

Parameterization  of  the  Dispersion  of  Battlefield  Obscurants  by  W.  D. 
Ohmstede  and  E.  B,  Stenwark,  ASL  -  15 

Error  Bounds  for  Smoke  Obscuration  Models  by  Marvin  D.  Smith,  James 
R.  Rowland  and  D.  Mark  Anderson,  Oklahoma  State  University  -  15 

MMTRN:  Millimeter  Wave  Propagation  for  Rain,  Fog,  and  Snow  Extinction 
and  Gaseous  Absorption  by  Douglas  R.  Brown.  ASL  -  10 


THURSDAY  30  APRIL  1981 
AREA  B.  (continued) 
0745  -  0815 
0815  B-ll . 


0910  8-13. 


0940  8-14. 


Registration  and  Badge  Pick  Up 

Extinction  by  Smokes  at  Visible,  Infrared  and  Millimeter  Wavelengths  by 
Janon  Embury,  Chemical  Systems  Laboratory  (CSL)  -  20 

Some  Aspects  of  Light  Scattering  from  Clouds  of  Regularly  and  Irregularly 
Shaped  Particles  by  D.  K.  Anker.  Loglca  Ltd,  United  Kingdom  -  15 

A  Semiquantltatlve  Model  for  the  Prediction  of  the  Persistency  of 
Multicomponent  Oil  Smokes  by  Glenn  0.  Rube! .  CSL  -  20 

A  New  Look  at  the  Chemical  Modeling  of  White  Phosphorus  and  Hexachlor- 
oethane  5mokes  by  Barbara  W.  Levitt.  Omega  Science  and  Research 
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C-ll. 
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Smoke  Employment:  An  Operational  Concept  bv  John  W.  Scully  and 
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1610  0-6. 


Development  of  the  Battlefield  Environment  Obscuration  Handbook 
by  Robert  E.  Turner,  Science  Applications,  Inc.  -  15 
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HIGH  WIND  SMOKE  SCREENING 
Stephen  L.  Cohn 

Atmospheric  Sciences  Laboratory 
White  Sands  Missile  Range,  New  Mexico 

ABSTRACT 

Smoke  screening  is  a  valuable  military  tactic  used  to  deny  enemy  acquisition  of  friendly  forces. 

Up  until  this  time,  it  has  been  believed  that  smoke  screening  at  wind  speeds  in  excess  of  17  knots  is 
Impractical  (Army  Training  Circular  6-20-5)  because  of  the  expected  high  munition  expenditure  rate 
needed  to  establish  and  maintain  a  screen.  This  has  Important  Inpllcatlons  In  battle  planning,  since 
high  winds  frequently  occur  over  areas  of  the  order  of  hundreds  of  kilometers. 

Phase  I  of  the  KWIK  Evaluation  Test  was  designed  to  test  a  real  time  smoke  munition  expenditure 
algorithm  known  as  KWIK  (Cross  Wind  Integrated  Concentration).  On  September  18,  1980,  during  Phase  I, 
winds  between  1/-40  knots  were  encountered  during  eight  trials.  Preliminary  examination  of  available 
data  suggests  thBt  the  trials  conducted  during  this  high  wind  episode  produced  excellent  screens  with 
a  reasonable  expenditure  of  munitions. 

1.  INTRODUCTION 

The  use  of  chemical  smokes  In  the  battlefield  for  obscuration  or  screening  is  a  valuable  tool 
which  can  deny  the  enemy  acquisition  of  friendly  forces.  For  obscuration,  smoke  Is  placed  on  or  near 
the  enemy  with  the  primary  purpose  of  minimizing  his  vision  both  within  and  beyond  his  position  area. 

For  screening,  smoke  is  placed  on  the  battlefield  to  deceive  or  confuse  the  enemy  as  to  the  activities 
of  the  maneuver  elements. 

In  the  deployment  of  smoke,  the  commander  must  give  consideration  to  the  weather  in  the  target  area. 
The  two  most  Important  meteorological  factors  are  atmospheric  stability  and  wind  (speed  and  direction). 
These  factors  influence  the  rate  of  vertical  and  horizontal  spread  of  a  smoke  cioud.  Under  unstable  or 
lapse  conditions,  a  smoke  cloud  will  disperse  rapidly,  causinq  high  munition  expenditure.  With  stable 
or  inversion  conditions,  a  smoke  cloud  will  tend  to  keep  its  Integrity  over  a  relatively  long  period 
of  time,  thus  requiring  low  munition  expenditures.  If  the  atmospheric  conditions  are  between  stable 
and  unstable,  it  is  considered  neutral  and  still  favorable  for  smoke  usage. 

Army  Training  Cirolar  6-20-5  entitled  "Field  Artillery  Smoko"  details  the  deployment  of  smoke 
under  various  meteorological  regimes.  As  Indicated  in  this  circular,  wind  speeds  unde;  2  knots  or  in 
excess  of  17  knots  are  considered  unfavorable  for  smoke  screening  or  obscuration.  Under  the  light  wind 
regime  (<2  knuts),  the  wind  direction  is  likely  to  be  variable  over  space  and  time,  rendering  smoke 
munitions  relatively  useless.  Under  the  high  wind  regime  (>17  knots)  it  Is  believed  that  excessive 
munition  expenditures  would  be  required  due  to  the  quick  dispersal  of  the  smoke  plume. 

Phase  I  of  the  KWIK  Evaluation  Test  was  designed  to  test  a  real  time  smoke  munition  expenditure 
algorithm  known  as  KWIK  (Cross  Wind  Integrated  Concentration).  On  September  18,  1980,  during  Phase  I, 
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winds  between  17-40  knots  were  encountered  during  eight  trials.  The  available  data  indicate  that  the 
trials  conducted  during  this  high  wind  episode  produced  excellent  screens  with  a  reasonable  expenditure 
of  munitions. 

2.  BACKGROUND 

Phase  I  of  the  KWIK  Evaluation  Test  was  conducted  at  Dugway  Proving  Grounds  during  July  and  Sep¬ 
tember  of  1980.  The  Horizontal  Grid  (Figure  1)  located  about  20  kilometers  west  of  the  post  area  was 
utilized  for  all  trials.  The  grid  was  oriented  with  the  major  axis  on  a  NE-SW  line  so  that  the  pre¬ 
vailing  winds  would  be  normal  to  the  grid.  The  smoke  impact  area  (Figure  1)  consisted  of  seventeen 
rows  with  each  row  containing  three  lines.  Each  line  contained  four  Ml  1 6  HC  cannisters  (3  Ml's  and 
1  M2),  whihc  simulates  a  dynamically  fired  M116BE  projectile.  The  lines  utilized  for  a  given  trial  (as 
determined  by  KWIK)  were  detonated  two  minutes  apart,  simulating  an  initial  volley  with  two  sustaining 
volleys.  The  screen  was  always  calculated  for  500  meters  in  length  and  six  minutes  in  duration. 

Meteorological  measurements  were  made  from  two  10  met.er  towers  on  either  side  of  the  smoke  Impact 
area  (Figure  1)  and  from  one  32  meter  tower  located  near  the  observation  post  (Figure  1).  Temperature, 
wind  speed  and  and  wind  direction  were  measured  at  2  and  10  meter  levels  on  the  small  towers  and  at  2, 
10,  16,  and  32  meter  levels  on  the  large  tower,  Dewpoint  temperature  was  measured  at  the  2  meter  level 
on  all  towers.  All  of  these  parameters  were  monitored  continuously  before  and  during  each  trial.  Stan- 
uard  airway  hourly  observations  were  made  at  the  weather  station  located  in  the  Ditto  technical  area 
about  10  kilometers  east  of  the  grid.  All  of  this  information  was  utilized  for  each  trial. 

3.  WEATHER  ANALYSIS 

in  some  parts  of  the  world,  Including  western  Europe,  high  winds  are  not  necessarily  localized 
phenomena.  When  associated  with  large  scale  weather  systems,  they  can  persist  for  days  over  regions 
of  the  order  of  hundreds  of  kilometers.  The  high  winds  observed  in  the  course  of  this  investigation 
were  part  of  such  a  large  scale  system  extending  over  much  of  the  central  United  States. 

At  1200Z  (050C  MST)  on  September  18,  1981,  a  ridge  at  500  mb  and  700  mb  was  centered  over  the 
central  and  eastern  portions  of  Utah  (Figures  2,  3).  At  850  mb  (Figure  4)  a  weak  short  wavewas  entering 
the  western  portion  oi  the  state.  At  the  surface  (Figure  5),  a  cold  front  extended  from  a  1005  mb  low 
in  southeast  Washington  to  just  north  of  Utah  and  eastward  to  1013  mb  low  over  southwest  Nebraska.  From 
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there,  It  extended  northeast  Into  a  1009  mb  low  over  northern  Minnesota.  A  1017  mb  high  was  centered 

over  southwest  Colorado  and  1023  mb  high  was  centered  just  to  the  north  of  North  Dakota. 

The  combination  of  the  low  level  short  wave  (850  mb)  with  the  proximity  of  the  surface  cold  front 
with  a  developing  low  pressure  system  gave  the  norlzontal  grid  a  steadily  Increasing  wind  from  the 
southeast  during  the  morning  hours.  As  the  upper  level  ridge  moved  east  during  the  day,  the  winds  at 

all  levels  from  the  surface  to  500  mb  {Figures  u,  3,  4,  6)  backed  to  the  southwest.  The  1002  mb 

surface  low  (Figure 6)  along  with  the  upper  level  support  increased  the  wind  speed  as  the  day  progressed. 
Thus  the  winds  on  the  grid  were  light  to  moderate  from  the  southeast  early  In  the  day  and  became 
moderate  to  strong  from  the  southwest  late  In  the  day.  There  was  no  precipitation  In  the  region  during 
this  period. 


4.  RESULTS 

Trials  23  through  30  were  conducted  at  wind  speed  In  excess  of  17  knots  as  shown  In  Table  1.  The 
KWIK  model  uses  a  modified  Pasqulll  stability  scheme  which  gives  six  stability  categories  which  are: 

A  -  Highly  Unstable 
B  -  Unstable 
C  -  SI ightly  Unstable 
0  -  Neutral 
E  -  Stable 

F  -  Moderately  Stable 

As  can  be  seen  in  Table  1,  with  the  high  wind  speeds  encountered,  the  stability  remained  neutral 
throughout  the  seven  trials.  Photographic  records  of  the  trials  also  Indicate  a  neutral  stability. 

The  number  of  munitions  calculated  for  the  six  minute  screens  ranged  from  18  to  45, with  the  higher 
figure  calculated  during  a  near  gale  with  a  quartering/headwind  direction.  A  typical  scenario  would 
Involve  1/3  of  the  total  munitions  expended  for  establishing  the  screen  and  two  sustaining  firings  of 
1/3  each  to  maintain  the  screen. 


The  screen  characteristics  are  Indicated  In  Table  2.  The  buildup  time  Is  defined  as  the  time 
needed  to  obscure  all  targets  from  the  observer’s  view.  The  length  of  the  screen  Is  the  time  after 
Initiation  of  the  test  for  a  target  to  become  visible  to  one  or  more  of  the  observers.  The  total  effec¬ 
tive  screening  time  is  the  total  time  that  all  targets  were  continually  screened  from  all  observers. 
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For  the  seven  trials,  the  mean  buildup  time  was  28.75  seconds  with  a  mean  effective  screening  time 
of  6  minutes  and  17  seconds.  In  all  cases,  once  the  screen  had  formed  there  were  no  apparent  holes 
until  the  screen  began  to  break  up  at  the  end  of  the  trial. 

G.  CONCLUSIONS 

There  are  several  possible  reasons  for  the  successful  screening  at  high  wind  speeds.  One  very 
plausible  explanation  Is  that  as  the  wind  speed  increases,  the  vegetation  flattens,  changing  the  effec¬ 
tive  roughness  length.  This  lowering  of  the  roughness  length  would  change  the  dispersion  parameters 
which  are  critical  to  the  correct  calculation  of  munition  expenditures.  Examining  Table  1,  It  is  noted 
that  the  actual  number  of  munitions  that  successfully  detonated  was  always  less  than  the  number  cal¬ 
culated.  Since  all  of  the  screens  were  successful,  this  overprediction  of  needed  munitions  could  be  due 
to  wind  modified  roughness  length. 

Another  possibility  Is  the  homogeneity  of  the  terrain  at  Dugway.  It  Is  possible  that  over 
heterogeneous  terrain  or  terrain  with  extensive  vegetation,  such  as  a  forest,  the  Increased  turbulence 
at  higher  wind  speeds  would  preclude  the  use  of  smoke. 

A  third  possibility  Is  a  change  In  the  efficiency  of  continuous  burning  smoke  munitions  during 
high  winds.  An  Increase  of  available  oxygen  to  the  munition  could  conceivably  Improve  the  efficiency. 

Regardless  of  the  reason  or  combination  of  reasons  for  the  high  wind  smoke  screening,  further 
investigation  Is  warranted.  Western  Europe  and  other  strategically  Important  parts  of  the  world  are 
frequently  subject  to  large  areas  of  high  wind  speeds.  If  future  experiments  confirm  that  smoke 
screening  at  high  speeds  Is  feasible,  then  a  change  in  doctrine  would  be  Indicated,  This  could  give 
friendly  forces  an  advantage  In  future  confrontations  utilizing  smoke. 


6 


UNCLASSIFIED 


UNCLASSIFIED 


TABLE  1.  mm  SPEED  (US)  »S  HUHITIW  EXPENDITURES  CALCULATED 


TRIAL 

# 

WS(M/S) 

STABILITY 

#  DETONATED 

#  CALCULATED 

DIRECTION 

23 

9-12 

D 

17 

18 

CROSS 

24 

8,8-12 

D 

16.75 

18 

CROSS 

25 

9.7-13 

D 

17 

18 

CROSS 

2C 

8.7-12 

0 

15.75 

18 

CROSS 

27 

11.7-15.5 

0 

20 

21 

Quarter 

28 

12.8-18 

D 

25.5 

27 

Quarter 

29 

12.3-19.5 

D 

25.5 

27 

Quarter 

30 

15-20 

0 

41* 

45 

Quarter 

•Calculated  during  high  wind 

TABLE  2. 

SCREEN  CHARACTERISTICS 

TRIAL 

# 

BUILDUP 

TIME 

LENGTH  OF 
SCREEN 

TOTAL  EFFECTIVE 
SCREENING  TIME 

23 

30  SEC 

6:40 

6:10 

24 

30 

6:50 

6:20 

25 

40 

6:40 

6:00 

26 

42 

6:45 

6:03 

27 

15 

6:55 

6:40 

28 

28 

6:50 

6:22 

29 

30 

6:40 

6:10 

30 

15 

6:45 

6:30 

MEAN 

28.75 

6:46 

6:17 

i 
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FIGURE  2,  50Q  mb  SYNOPTIC  ANALYSIS,  This  Is  a  reproduction  of  the 

National  Weather  Service  500  mb  analysis  for  18-19  September  at 
12  zulu  and  00  zu'u  respectively, 
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FIGURE  3.  700  mb  SYNOPTIC  ANALYSIS.  This  Is  3  reproduction  of  the 

National  Weather  Service  700  mb  analysis  for  18-19  September  at 
12  /ulu  and  00  zulu  respectively. 
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FIGURE  4.  (150  mb  SYNOPTIC  ANALYSIS,  This  Is  a  reproduction  of  the 

National  Weather  5etv1cn  (ISO  mb  analysis  for  18-19  September  at 
18  zulu  and  00  zulu  respectively. 
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FIGURE  fi.  00  ZULU  SURFACE  SYNOPTIC  ANALYSIS 

This  Is  a  reproduction  of  the  hiitlonal  Weather  Service 

surface  analysis  for  19  September  at  00  zulu, 
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A  FIRST  LOOK  AT  SNOW-ONE 

George  W.  Aitken 

U.S,  Army  Cold  Regions  Research  and  Engineering  Laboratory 
Hanover,  New  Hampshire 

ABSTRACT 

SNOW-ONE  was  the  first  In  a  aeries  of  major  field  experiments  conducted  to  evaluate  the 
’ performance  of  electro-optical  systems  under  winter  conditions  end  to  establish  the  comprehensive  data 
base  needed  by  the  modeling  and  development  community.  It  was  conducted  near  Burlington,  Vermont,  start¬ 
ing  on  5  January  19B1,  Fourteen  COD  agencies  and/or  their  contractors  conducted  measurement  programu 

V 

during  SNOW-ONE,  This  paper  presents  a  "first-look"  summary  of  the  experiment.  It  describes  the 
methodology  adopted  to  characterise  the  environment,  Including  data  from  suvaral  state-of-the-art  devices 
used  to  characterize  airborne  snow.  A  brief  summary  of  the  work  accomplished  by  a  number  of  the  partici¬ 
pants  Is  included,  and  Information  is  provided  on  the  final  form  and  availability  of  the  results. 

1.  INTRODUCTION 

The  SNOW-ONE  Field  Experiment  was  the  first  in  a  planned  series  of  winter  exercises.  U  was 
conducted  between  5  January  and  20  February  1981  at  the  Vermont  Army  National  Guard  Camp  F,than  Allen 
Training  Center  near  Burlington,  Vermont,  Figure  1  Is  an  aerial  view  of  the  SNOW-ONE  site,  looking 
east.  Figure  2  is  a  plan  view  of  the  sits  with  major  features  Identified. 

The  objectives  of  SNOW-ONE  were  to  begin  establishing  a  comprehensive  data  baas  containing  in¬ 
formation  on  electromagnetic  energy  propagation  through  falling  and  blowing  anow,  to  invoatigate  the  In¬ 
fluence  of  the  characteristics  of  enow  (both  falling  and  on  the  ground)  on  signature  measurement!,  and  to 
conduct  studies  of  seismic  and  acoustic  energy  propagation.  The  agencies  that  were  represented  at  SNOW- 
.  ONE  are  listed  In  Table  I,  As  you  can  oee,  a  broad  range  of  interests  were  represented.  These  Included 
a  human  factors  study  conducted  by  the  U.S.  Marine  Corps,  the  performance  of  smokes  and  Bmoke-chnructer- 
Ir.ing  Instrumentation,  signature  measurements  In  the  Infrared  and  neur-mm  wavelengths,  atmospheric  propa¬ 
gation  measurements  from  the  visible  through  near-mm  wavelengths,  and  seismlc/acoustlc  vehicle  signature 
meamirementH. 

The  purpose  of  this  papsr  is  to  present  a  preliminary  nummary  of  SNOW-ONE.  An  this  paper  la 
being  written,  Information  from  the  agencies  that  were  represented  at  SNOW-ONE  Is  Just  starting  to  become 
available.  Therefore,  this  summary  la  not  complete,  and  analyses  of  the  data  obtained  are  not  attempt¬ 
ed,  The  participants  will  be  providing  their  results  to  CRREt,  as  they  become  available.  These  will  he  , 
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Participant 


Maaaurement 


CRREL:  Mat.,  Micro-mat.,  Aeroeol  Slze/Dlatribution/Concnntratlon, 

Vertical  Mat.  Profile,  Snow  Cover  ChBracterization/Chuiniatry 
AFATL:  IR  Top-attack  Slgnatura  Maaauramanta 

Selamlc/Acouatlc  Slgnatura  Maaauramanta 
ASL:  Mat.,  Micro-mat.,  Acouatlc  Soundar,  Aaroaol  Slza/Dlatrlbutlon, 
Vlaibla  and  IR  Tranamlaalon 
AVCO:  ERAM,  Aaaault  Breaker 
AVRADA:  lO.E-pm  Tranamlaalon  and  Slgnatura  Maaauramanta 
BRL:  MM-Wava  Tranamlaalon,  36-GHi  Top-attack  Signature 
Maaauramanta 
CSL:  8moke  Teat  8upport 

DPG:  Smoke  Particle  8lze/Dletrlbutlon/Chemletty,  Vlaibla  and  IR 
Tranamlaalon 

HOL:  MM-Wava  Tranamlaalon 

MICOMi  10.8-^m  Tranamlaalon,  GLLD,  Cupparhaad  end  Hellflra 
Saekara 

NRL:  Vlaibla  and  IR  Tranamlaalon 
USMCi  MULE,  Human  Factora  Study 
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used  to  correlate?  snow  characterization  parameters  with  prnpagat  Ion  mensuremonts  und  system  porf nrmnnee. 
A  report  containing  tills  Information  Is  scheduled  for  completion  In  dune.  Samples  of  the  data  collected 
by  CKRKI,  and  some  other  Hgunclcs  are  presented  here  as  examples  of  the  typo  of  Information  that  will  he 
forthcoming.  A  let.  preliminary  results  that  appear  to  be  significant  are  discussed. 


2.  METEOROLOGY 

One  of  the  most  Important  measurement  programs  conducted  during  SNOW-ONE  was  the  environmental 
characterization  work  carried  out  by  CRUEL,  and  the  U.S.  Army  Atmospheric  Sciences  Laboratory  (ASL). 
Temperature,  dew  point,  wind  speed  and  wind  direction  were  measured  at  heights  from  2  to  32  m  above  the 
ground  near  the  West  and  East  Pads  and  to  a  21-m  height  at  Midpoint  (see  Fig.  2).  In  addition,  tempera¬ 
ture  and  humidity  profiles  were  obtained  to  a  height  of  1,000  m  above  the  ground  using  a  tutherod  bal¬ 
loon,  and  frequent  rawinuonde  flights  were  conducted.  A  view  of  the  east  meteorological  tower  operated 
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FIGURE  3.  Meteorological  tower  ,JE  in  high  at  east  end  of  cite.  Note 

three-axis  wind  uunuors  at  aii  levels. 

by  ASL  Is  shown  in  Figure  3.  The  /ans  in  the  background  are  a  part  of  AFh'a  Transportable  Atmospheric 
Characterization  System  (TAGS). 


Typical  meteorological  data  obtained  from  t nwer-mounted  sensors  during  a  snowstorm  that  occur¬ 


red  on  8-9  February  are  presented  In  FI  fnir.es 
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TABLE  11. 

Example 

of  Wind  Data 

Obtained  at 

SNOW-ONE  (0100- 

■0400,  9 

Feb  01). 

Time 

Locat ion 

Resultant 

Max 

Avg 

wind 

wind 

wind 

Dir 

Speed 

Dir 

Speed 

speed 

deg 

m/s 

deg 

m/s 

m/s 

0  A  0  i  0 1 :00 

2M  WEST  END 

180.9 

1.8 

203.4 

3.1 

2.0 

040 i0) i00 

4H  WEST  END 

52.2 

1.5 

74.1 

3.7 

1.7 

040 i01 :00 

8M  WEST  END 

339.1 

1.6 

347.7 

5.1 

2.3 

040:01 tOO 

16M  WEST  END 

0.0 

0.0 

0.0 

4.9 

2.4 

040:01 :00 

32M  WEST  END 

293.0 

10.0 

293.1 

13.3 

10.7 

040:01 :00 

2M  CENTER 

285.2 

1.8 

2:,,.  6 

4.0 

2.1 

040:01 :00 

4M  CENTER 

230.7 

1.8 

17.;. i 

3.9 

2.2 

040:01 :00 

8M  CENTER 

303.1 

1.8 

286. 5 

4.3 

2.1 

040:01 :00 

21H  CENTER 

317.1 

3.4 

313.4 

13.4 

3.7 

040:02:00 

2M  WEST  END 

203.0 

i .  6 

179.6 

3.1 

1.7 

040:02:00 

4M  WEST  END 

36.6 

1.3 

9.5 

3.0 

1.5 

040:02:00 

8M  WEST  END 

348.8 

1.5 

321.1 

3.6 

2.2 

040:02:00 

16M  WEST  END 

0.0 

0  0 

0.0 

3.3 

2.0 

0»0:02 :00 

32K  WEST  END 

308.1 

9.3 

307.7 

11.7 

10.5 

040:02:00 

2M  CENTER 

318.9 

2.<> 

350.5 

9.3 

2.9 

040:02:00 

4M  CENTER 

242.3 

1.9 

269,0 

4.2 

2.2 

040:02:00 

8M  CENTER 

324.1 

2. 

299.2 

4.3 

2.7 

040:02:00 

21M  CENTER 

320.5 

4.8 

322.7 

10.1 

5.4 

040:03:00 

2M  WEST  END 

155.8 

2.0 

164.3 

4.3 

2,2 

040:03:00 

4M  WEST  END 

65,8 

1.5 

53.8 

3.7 

1.8 

040:03:00 

PM  WEST  END 

334.7 

2.0 

341.4 

4.1 

2.  5 

040:03:00 

16M  WEST  END 

0,0 

0.0 

0.0 

6,2 

2.5 

040:03:00 

J2M  WEST  END 

274.3 

10.6 

279.0 

17.9 

11.8 

040:03:00 

2M  CENTER 

274.5 

2.6 

303.5 

4.9 

2.9 

040:03:00 

4M  CENTER 

195.3 

2.1 

180.4 

3.6 

2.3 

040:03:00 

8M  CENTER 

285.1 

2.6 

277.6 

4,7 

2.8 

040:03:00 

21M  CENTER 

283.0 

5.2 

314.3 

17.9 

5,  7 

040:04 i JO 

2M  WEST  END 

132.3 

1.8 

142.3 

3.9 

2.0 

040:04:00 

4M  WEST  END 

39.7 

1.7 

86.3 

5.4 

1.9 

040:04:00 

8M  WEST  END 

293.,  1 

2.4 

230.7 

4.8 

2.6 

040:04  : 00 

16M  WEST  END 

0.0 

0.0 

0.0 

5.6 

2.8 

040:04:00 

32M  WEST  END 

268.6 

11.3 

257.0 

17.6 

11.4 

040:04:00 

2M  CENTER 

259.5 

2.3 

230.1 

4.4 

2.3 

040 t 04: 00 

4M  CENTER 

176.5 

2.1 

160,2 

3.7 

2.4 

040:04  100 

8M  CENTER 

277.2 

2.5 

266.5 

4.7 

2.8 

040:04:00 

2iM  CENTER 

274.6 

4.3 

267,5 

11.3 

4.6 

February  through  0500  on  the  9th.  This  was  the  longest-lasting  snowstorm  that  occurred  during  SNOW-ONK 
und  It  also  produced  some  of  the  heaviest  concentrations  of  snow  in  the  air.  Snowfall  was  light  and  In¬ 
termittent  prior  to  130U  hours  on  the  8th.  At  that  time,  coincident  with  the  Increase  in  relative 
humidity  noted  In  Figures  '<  and  5,  snow  began  falling  continuously.  ThB  snowfall  increased  to  moderate 
intensity  during  the  night  and  finally  stopped  shortly  sfter  0500  on  the  9th.  An  examination  of  the  2- 
and  32-m  temperature  data  shows  that  this  was  a  relatively  warm  storm,  as  the  temperature  at  2  m  didn't 
drop  below  the  freezing  level  until  after  about  2100  hours  on  the  8th.  The  temperature  at  32  m,  however, 
wns  below  the  freezing  level  except  for  one  sample  Interval  at  1300  hours.  Typical  wind  data  for  this 
same  itorm  are  given  in  Table  II. 
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3.  SNOW  CHARACTER! HAT  ION 


Standard  meteorological  and/or  micro-meteorological  measurements  cannot  he  used  alone  to  ade¬ 
quately  characterize  a  snowstorm.  The  size,  size  distribution  and  type  of  Individual  snow  crystals  or 

snowflakes  are  also  required,  as  is  a  measure  of  the  concentration  of  snow  in  the  air  at  any  time. 
Complete  characterization  must  also  Include  documentation  of  any  other  obscurant  present  while  It  la 
snowing,  such  as  haze  or  fog. 

Characterization  of  snow  in  the  air  during  SNOW-ONE  was  accomplished  ualng  a  number  of  differ¬ 
ent  techniques.  The  type  (or  “habit")  of  the  snow  crystals  or  flakeB  was  determined  periodically  by 
catching  crystals  on  a  black  velvet  pad  and  examining  them  under  a  microscope  (Figure  6).  The  continuous 
replicator  shown  in  Figure  6  was  used  to  obtain  a  record  of  tne  change  in  crystal  type  with  time.  It 
operates  by  moving  formvar-coated  35-mm-wide  film  beneath  a  small  opening  In  its  top.  Snow  crystals  fall 
through  the  opening  onto  the  film  and  are  coated  with  formvar  through  surface  attraction!  then  the 
formvar  coating  is  dried,  leaving  a  3-dimensional  image  (replica)  of  the  crystal. 


Snow  crystals  were  also  "caught"  on  formvar-coated  glass  slides  at  regular  Intervals  during 
snowstorms.  The  continuous  replicator,  because  of  its  fixed  film  drive  speed  and  reotricted  aample  area, 


KKIUKK  b.  Basic  kihjw  characterization  equipment.  Device  on  the  left  1h  ti 

cunt  Imious  replicator  that  provides  a  record  of  crystal  types. 

UNCLASSIFIED 


UNCLASSIFIED 


FIGURE  7.  Snow  crystal  size  distributions  ob¬ 

tained  using  samples  caught  on  formvar-coated  glass 
slides.  The  symbols  indicate  three  different  crys¬ 
tal  typeH  (1.  to  r.):  side-planes,  scale-like  side- 
planes,  and  a  combination  of  side-planes,  bullets 
and  columns.  The  top  curve  represents  a  cumulative 
size  distribution  for  the  three  crystals  shown,  plus 
some  relatively  small  number  of  other  crystals  of 
miscellaneous  types  that  were  also  present.  The 
three  lower  curves  are  size  distributions  for  spe¬ 
cific  crystal  types. 


slides  can  be  used  for  this  purpose.  Examples  of  size  distributions  from  these  replicas  are  shown  in 
Figure  7.  The  size  in  this  case  is  computed  by  tracing  the  outline  of  the  particle,  and  then  computing 
an  equivalent  circular  diameter  from  the  area  obtained.  It  is  easy  to  see  that, when  attempts  are  made  to 
correlate  data  from  propagation  measurements  that  are  dependent  on  particle  size  with  anow  crystal  size 
distributions,  breaking  down  the  data  by  crystal  type  could  be  very  important.  This  la  illuatrated  by 
(aa  one  example)  the  difference  in  the  peek  diameter  for  the  cumulative  curve  from  that  (dashed  line)  for 
the  crystals  classified  as  n  combination  of  side  planes,  bulla,..,  and  columns, 


The  snow  characterization  methods  discussed  above  are  very  time-consuming  and  have  other 
limitations  as  well.  Among  these  limitations  is  the  need  for  long  sampling  times  to  obtain  enough 
crystals  for  statistically  significant  size  distributions  when  using  the  glass  slide  method.  This 
problem  can  be  eliminated,  at  least  in  theory,  by  utilizing  electro-optical  particle  size  measuring 
systems  that  are  now  available.  Both  CRREL  and  ASb  operated  thla  type  pf  instrumentation  at  SNOW-ONE. 
Figure  B  shows  two  such  systems  operated  by  ASL.  Those  probeB  provide  a  2-dlmensional  image  of  particles 
passing  between  the  two  arms  located  on  their  left  end.  The  probe  in  the  foreground  with  the  arms  skewed 
outward  from  its  longitudinal  axis  has  a  size  range  from  200  to  6400  pm  in  200-gm  steps,  while  the  one  in 
the  resr  luis  a  range  from  25  to  BOO  nn  in  25-pm  steps.  During  measurement  periods, the  probes  are  orient¬ 
ed  in  elevation  and  azimuth  so  thnt  anow  falls  directly  through  the  sampling  area  rather  than  at  some 
angle  co  It. 


The  electro-optical  probes  operntori  by  CRRF.l,  are  shown  In  Figure  9.  The  two  with  the  large  in¬ 
take'  horns  are  two-dimensional  gray  probes,  Unlike  a  standard  two-dimensional  probe, they  provide  an  in¬ 
dication  of  the  transmittance  through  the  particles  thnt  are  Imaged,  These  probes  are  adjustable  In 
elevation  and  are.  slaved  to  a  wind  direction  sensor  for  automatic  azimuth  control.  In  addition,  a  high 
air  f  1  iw  Is  maintained  through  the  sample  volume  by  a  fan-driven  aspiration  system  to  provide  a  known 
partlrle  velnrliy.  The  Image  formed  bv  these  probes  Is  a  direct  function  of  particle  velocity  and,  for 
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Two-dimanaionu l  electro-optical  particle  alise  measurement  systems 
operated  by  tliu  Atmospheric  Sciences  Laboratory. 


Forward  scat  tor  1  ng  probe  (lull)  and  two-d  linens  I  ana  1  pray  probes  with 
aspirators  operated  by  CHHIih. 
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FIGURE  10.  Snow  crystal  size  distributions  obtained  using  100 

to  b4l)U  pm  aspirated  two-dimensional-gray  electro-optical  probe. 


non-spherlcal  particles  like  snow  crystals,  a  true  image  analysis  can  b*  accomplished  only  if  thiB  velo¬ 
city  is  known.  These  probes  cover  the  size  ranges  of  5  to  320  um  and  100  to  6400  pm  in  5-  and  100-pm 
steps,  respectively. 

The  probe  on  the  far  loft  in  Figure  9  la  a  forward  scattering  probe  with  a  size  range  of  0.5  to 
45  pm.  It  is  used  to  monitor  the  size  and  size  distribution  of  fog  that  may  occur  concurrently  with  a 
snowfall.  This  probe  la  nlBO  aspirated  and  has  u  long  tube  on  its  Intake  (left)  end  to  preclude  snow¬ 
flakes  From  helng  drawn  into  It. 

These  types  of  particle  measurement  ayatems  can  provide  size  distributions  over  relatively 
short  time  intervals  because  of  the  relatively  high  flow  rates  through  them.  Typical  size  distribution 
data  obtained  using  the  100  to  6400  pm  probe  ure  given  In  Figure  10.  These  data  represent  20-mlnute 
averages  starting  at  the  time  indicated.  Data  were  obtained  for  Lime  intervals  as  small  as  20  s,  but 
these  are  not  yet  available  In  a  suitable  format  for  presentation.  In  this  caBe.the  size  was  computed  by 
assuming  that:  the  width  of  the  particle  was  equal  to  Its  diameter  and  that  the  particle  was  spherical. 
This  Is,  of  course,  an  oversimplification  In  the  case  of  snow.  Analyses  are  in  progress  to  develop  more 
realistic,  but  still  manageable,  sizing  algorithms  for  thla  type  of  data.  It  Is  also  planned  to  attempt 
comparison  of  the  data  obtained  using  both  aspirated  and  unusplrated  probes.  Aspirated  probes  have  the 
advantage  of  a  known  particle  ve loo.  1  ty , but  they  may  also  contribute  to  reorientation  or  breaking  up  of 
some  particles,  thus  prmluc I ng  a  biased  size  dl st r I  hut  Ion. 
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FIGURE  It.  Holographic  camera. 


All  of  thu  characterising  methods  discussed  above  have  some  potential  drawbacks.  For  Instance, 
they  may  damage  the  snow  crystals,  or  some  key  parameter  like  particle  fall  velocity  may  be  unknown.  The 
holographic  camera  shown  in  Figure  It  has  the  potential  to  eliminate  these  drawbacks.  It  can  obtain  a 
true  picture  of  a  snowatorm  without  diaturbing  any  of  the  crystals-  and,  using  a  double-pulse,  mutlple-ex- 
posure  technique,  fall  velocities  can  be  determined.  The  sample  volume  of  this  particular  camera  (the 
first  of  its  kind  suitable  for  field-portable  operation)  la  a  4  in.  diameter  cylinder,  10  in.  long, 
located  between  the  two  arms  protruding  from  the  rear  of  the-  cameru.  A  50  ntjoule  ruby  laser  is  used  to 
mane  the  hologram.  A  number  of  holograms  of  snowflukeB  were  made  using  this  camera  during  SNOW-ONE, 
Analysis  of  these  images  is  extremely  time  consuming,  however,  and  a  standard  methodology  for  this  is 


currently  under  development,  Future  plans  for  this  camera  include  configuring  it  to  look  at  the  same 
sample  votume  at  tho  same  time  as  a  two-dimensional  electro-optical  probe  to  compare  performance  of  thu 
two  systems. 


One  indication  of  tho  severity  of  the  weather  that  occurred  during  SNOW-ONE  is  Illustrated  tn 
Figure  12.  The  trailer  In  which  the  holographic  camera  was  kept  when  not  In  use  was  blown  on  its  side 
during  n  severe  wind  and  rain  storm  on  II  February.  Peak  wind  speeds  were  estimated  at  greater  than  70 
knots. 


UNCLASSIFIED 

2. 


^ul.V.s'fi.1  .vtf JAB*  i&iuawlEi 


UNCLASSIFIED 


a-? 


KIOURK  12.  Sturm  damage  to  holographic  camera. 


Ah  noted  earlier,  one  of  t.  In*  im'.'imiri'iiu'iit  h  r .  >  ■  i  m  I  r  i  •  i  i  In  adequately  character!  m*  it  Hnnwaform  !h 
mow  concent  rut  ton.  The  nt*  flirt  1  concent  rut  Ion  or  /mow  (nr,  If  vmt  pr«*  1 1*  r ,  lci>)  Iti  t  lit*  atr  eannot  he  ob¬ 
tained  by  mtincuring  aeeumiilatlon  on  tin*  ground  hi’imiHi*  of  t In*  different  full  vcloeltluH  of  different  itnow 
crystals,  whtr.h  can  vary  from  Ichh  than  50  to  mnru  titan  2'nl  cm /it  (O'ltrlnn,  IS70),  AIho,  tlu*  time  mao  I  it- 
tton  of  an  ncciinmlat  lon-nn-thu-grmind  me  a  Hurt*  muni  In  mi  i  ■  - 1 1  too  roar  ho  for  tlu*  needs  of  the  electro-optical 
cnmmun Lty. 


Still  lahrilHH  (1571*1  ilcarrlbed  an  i* I i*i* t  romerhnn I cn  I  device  coitHlHtlng  of  a  cyclone  Hoparator 
moontod  on  a  whirling  arm  (Figure  II)  that  appeared  to  oiler  a  relallvelv  at  rat  ghl  forward  mratiH  of  making 
tlu*  ootiren  t  ra  1 1  on  inenmircmenl  .  A  arhcmnl  lr  of  tin*  rnllrrtlnn  lioiul  purl  Ion  Ih  |iro.*u>ntod  In  Figure  IA, 

Air  and  unow  iin*  I  nuun  t  >*il  through  tin*  r.ost.'.lo  on  the  arm  In  tinned  at  1  in  rpm,  Tin*  hiiow  Ih  molted  bv 
elertrtr  heaterH  and  the  molt  water  In  force, I  out  through  a  eallhrated  hypodermic  needle.  The  dropr  are 
counted  iih  they  hreak  a  beam  nt  Itp.bi  uti  t  *i  1 1.>*  on  a  phot  o-t  rami  tut  or.  Tie  volume  of  the  Individual  dropa 
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FKjtE  13.  Airborne  Snow  Concen- 

triion  Mousuriuy  Equipment  (ASCME). 


AIR 


E iU LIRE  14,  Schematic  of  ASCME  collection  hand, 


FIGURE  15.  ASCME  installed  at  Midpoint  site.  Research¬ 

er  Is  point inK  to  the  input  tube  of  the  collection  head. 
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1'IOURE  16.  ASCME  data  for  22  Jan  81.  E,  W  and  M  refer  to  East  Pad, 

rua  ana  Midpoint  location!). 


Tima 


FltiUKE  17.  ASCME  data  for  8  Peb  b\. 


can  be  calculated  from  knowledge  of  the  needle  dimensions  and  the  centrifugal  force  on  the  drop.  Sum¬ 
ming  the  number  of  drops  over  a  given  time  period  provides  a  meaaure  of  ice  concentration  during  that 
period . 

A  sign  If  leant  number  of  refinements  were  made  to  Stfl  LlabrasB 1  a  original  coni  Iguratlon,  par¬ 
ticularly  In  the  design  of  un  airfoil  to  minimize  turbulence  at  the  collection  head  and  in  the  elec¬ 
tronics  package.  Three  of  the  redesigned  devices,  designated  Airborne  Snow  Concentration  Measuring 
Equipment  (ASCME),  were  operated  at  SNOW-ONE.  Figure  15,  a  picture  of  the  ASCME  located  at  Midpoint 
site,  shows  the  ultfoll  used  to  minimize  turbulence  at  the  intake. 

Elgurus  16  and  17  illustrate  ASCME  data  typical  of  a  light  snowstorm  and  a  llght-to-moderatc 
sturm,  respectively.  These  data  clearly  show  that  both  a  wtdu  range  In  amplitude  and  a  high  rate  of  am¬ 
plitude  change  characterize  the  concentration  of  snow  In  the  air. 


In  addition  to  characterizing  snow  in  the  air,  measurements  were  also  made  to  describe  snow  on 
the  ground*  Those  Included  measurements  of  depth,  density,  hardness  and  crystal  description.  The  liquid 
water  content  wan  also  monitored  using  hath  cold  and  hot  ra I u r line t r  1c  techniques. 
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4.  ATMOSPHERIC  PROPAGATION  MEASUREMENTS 

A  primary  ob.jct  H  vr  of  SNOW-ONK  was  to  obtuln  elec  t  tomngne.l  it  propagation  data  from  visible 
through  near  .inn  w.ivi  length.'!  in  a  Jell  defined  winter  environment.  Moat  of  these  measurements  were  made 
along  the  primary,  640  m  Long  tine  ot  sight  between  the  West  and  East  Pads  shown  In  Figure  2.  The  4-  and 
8-inch  Barnes  l  PansinJ  ssomoters  shown  in  Figure  18  were  used  to  obtain  data  at  0,44-0.7,  3.B  and  8-12  pm 
by  AS  I,.  These  were  mounted  at  the  West  Pad  and  used  a  collimated  visible  and  block  body  source  located, 
on  the  East  Pad. 

VisibLe  and  infrared  propagation  measurements  were  also  made  by  th ?  Naval  Research  Laboratory* 
(NRL).  They  made  narrowband  measurements  using  a  Fourier  Transform  Spectrometer  in  the  2-12  pm  spectral 
region  and  broadband  measurements  at  0.55,  1.06,  3,0  and  10.37  pm,  The  receiver  used  for  the  broadband 
measurements  Is  shown  In  Figure  19.  This  receiver  was  mounted  on  the  West  Pad  anc.  used  a  searchlight 
mounted  uu  the  Last  Pad  fur  a  source.  Typical  data  obtained  using  this  system  during  a  snowstorm  on  22 
January  are  given  in  "igurua  20  and  21.  Snow  concentration  data  trom  the  ASCII!!  located  at  the  Midpoint 
site  are  included  lor  rnfuruneo,  A  complete  record  of  ASCMIi  data  for  this  snowsiorm  Is  given  in  Figure 
16  and,  as  noted  earlier,  rim  Intensity  of  this  sionr.  was  light  and  the  concentration  of  snow  in  the  air 
was  quite  lew.  YrnmunlustoiiH  at'  1.06  and  3.0  pm  were  also  obtalnud  by  NRL  during  those  same  time  nerlods 


FIGURE  IH.  I1  mi—  and  •>  I  glil- 1  ueli  llarnus  iransmlasometers  operated  by  A, 31,. 

UNCLASSIFIED 


explain  varintlanH  In  trunutnl  Rnion  during  NnowatorinH.  Tin.*  data  lor  the  11111-1210  L  line  period  (Kipuro  2il) 
indicate  a  decrease  In  Lranaml  mm  inn  early  in  tin*  period,  followed  hy  ivlaii.civ  conutam  r  ratiHini  hh  i  on , 
followed  hy  a  h i t ^  1 1 1  Inereaae  at  the  end  of  the  data  net.  The  AHtIMK  data  do  tint  follow  thin  Maine  trend, 
itiK  that  a  change  In  anow  concent  rat  I  on  wan  not  the  primary  l.irlnr  Inlluem’inp,  the  change9  It' 
t  rannmtHH  ion  that  were  ohMerved,  Moving  on  to  the  1  i*.  *»n—  I  imi  p.  •  r  |  ■  1  a  >*.i  1 1 1  the  ASf  *MK  data  tl*  i  not  appear 
to  he  Htroilfily  related  to  the  t  ramunl  an  i  on  data  idmwii. 


An  examination  nf  the  Mitm*  civhI.iIm  lot  1  he-.e  t\«u  t  line  i»i*tli"'‘i  'diow'i  that  thev  were  principal^ 
Hpatlal  dendrltlcii  with  anise  anp.*'ej»al  e«  (flaWoi)  p.ri-.il  »*t  lhan  1  mu  1m  diamHer  ( Red f ! o  I d,  I'lMH,  A 
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M30  1200  1250 

Time 


FIGURE  20.  Comparison  of  transmission  and  snow  con¬ 

centration  data* 


1250  1310  1330  1350 

Tim« 


KKJUltK  21.  r.omp.i r limn  of  l r- ilium Ihh ton  ami  snow  con¬ 

i' out  nit  Ion  data. 


p.ivatur  i  mm  ho  r  oF  thtso  l r  ;•«•  HKHtvy.Ml  on  w.-im  ohm-rvod  a  I’ tor  1100#  Thin  nbacrvnt  inn  Is  corroborated  by 
data  obtained  iihImk  tl»o  1 00  pm  resolution  v  loci .  ro-opt  I  ca  1  probe. 


Tli f  m  prnhn  recorded  a  y»ri'ati»r  number  ol  part  Idea  during  the  12110-1220  porlod  tli.m  during  t  hi* 
U0(l-n;,.0  porlod.  Ah  till  m  probe  did  nut  "see"  tin*  lare.e  apy.rep.iii  en  that  wore  tailing,,  and  tint  run  cun- 
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KLCIUKK  22.  TrnnittnLtter  vuu  lor  Mobile  MunHiirutnunt  KucLlUy  located  on  ilio  liuut  I’ud. 
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I'UiHKK  .M»  K»M’»*lv»'r  v.m  I  nr  'InM  !«•  MiMnutviinuil  I*. 1 1  l  I  I  l  v  Inr.-itml  m  1  In  Wuul  I'ml, 

trnflnn  n|'  tmnw  In  Lht»  -Hr  n»"i.i  I  mul  .ihnui  tin*  'i-inn1,  I  h  t  • ;  I  n  I  urm.it  I  mi  nir  mini  r.-n  p<«  tin*  «|  ti.*i  I  ( l  n  l  I  w  hIimim- 
vnllnnn  th.it.  Hutc  wen*  mof"  hirr.i*  **• ilnrlnj-  I  In*  l.ilrt*  t  Inm  |»i*r  I  ml  • 


In  I’tltl  II  I  mi  ,  I  1111  Inl'W.ml  Mi‘M  I  I  i‘l*l  lir.  |»mh"  tl.lt. I  fur  thin  piM'ltnl  MhnW  ,l  ‘ ;  I  I  J  •  I  i  t  Iv  III  j'lnM*  I'lllH’IMl" 
trnll'in  nl  1  *»>*  durliij1.  I  .'.nn- 1  *,;,u  Mum  l.-ilm*  mu,  Th»*m  I  <>i  i.f  It  .ip|)M.irn  ih.it  thu  tnw  t  r.-nmm  I  mt  I  on  thi  t*  I  n>*  lh 
llVi-r.!l'i  thin-  pi»  r  l  oil  C  r « ■  t .  1 1  I  v«  •  l«»  th.it  I  r«  mi  I  II1'-  I  Hu)  v.in  .-.imiml  hv  u  >»n\-ili*r  miinhi.i*  nl‘  mum  I  I  urvnl.il'i 
III  tht>  .Hr  I  m)»i»  |  li«  ■  r  with  .t  ‘illj'hllv  hlj’lmi  >u  un-mil  r.il  I  mi  nl  I  .  »>;  il  rnp  I  u  t  •» , 


Twn  j  *  r  • » 1 1 1 1  ■ «  i  *<  ii  1 1 1 1 1 1"  I  iuI  n* -.i  i-  -mm  w.i  •••  pi  n|i.i]>.i  i  t  •  >i  i  «*  h  i  na  t  1  m»  nl  ■ ;  .lullin',  SNuWuNK.  H.trrv  hi. nnmid 
L.lhnr.it  nrv  (lllil.) ,  nllll  :■ 1  m1,  t  hell'  Mnhlh*  *  ti*.  i  *;  ii  r  i  dm  •  1 1 1  I'.ir  I  I  I  !  v  (  MMI’  1  ,  n.iil"  I  f.m-sml  I  mi  -Uhl  Iwirk  hi-.i  I  t  i*  r 
in". mu  r*  »m*  *  *i  t  •;  1 1  i  •*  'i ,  lit*  - 1 1 1 1 1  HU:*.  !•  1  _.'i  in  » .  1  .mil  .*  '  ’ih"u  I  hr  M  iiimiii  I  I  I  «•  r  .uni  r  *  *  »i»  I  vi  •  r  v.iim  lur  t  In* 
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The  Modular  Universal  Laser  Equipment  (MULE)  was  also  used  to  check  Its  comp  Ibility  with  the 
seekers  (Figure  28), 


5.  SIGNATURE  MEASUREMENTS 

The  Ins trumentatlon  shown  in  Figure  29  was  used  by  personnel  from  the  A:  Force  Armament 
Laboratory  to  obtain  signature  measurements  In  the  3-5  and  8-12  pm  portion  of  thtlnfrared  spectrum. 

The  cameras  on  '■he  polo  were  used  to  look  down  from  various  heights  up  to  27.5  n*t  both  the  M48A5  and 
the  T62  tank,  Typical  data  obtained  using  this  system  are  shown  In  Figure  3C.  fbl*  1*  a  thermogram  of 
the  idling  M48A5  taken  with  the  3-5  pm  camera.  The  two  apikeB  in  the  foregrotd  *re  the  signatures  of 
heat  lamps  used  for  calibration.  The  large  spike  at  the  left  rear  is  the  tan'*  exhaust. 

Signature  measurements  were  also  conducted  by  BRL  using  a  35-GHz  Aid  state  GW  radar  with 
polarization  diversity  mounted  on  top  of  a  15  m  high  pole.  In  this  case  tl  test  objectives  were  to  make 
radar  backscattar  measurements  from  snow  surfaces  and  to  evaluate  the  effets  of  snow  cover  on  armored 
targets.  Measurements  were  made  using  both  parallel  and  cross  pnlarlzattA  techniques. 


FIGURE  29.  I  not  rument  at  Inn  imt-cl  In  obtain  In  far  oil  target.  algiiaUirea.  Pole 

In  middle  extend.;  in  7 , 'i  m  111  height  and  carrion  and  H-17.  pm  passive  Inlrared 

came  ran . 
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FIGURE  30.  Typical  signature  data  obtained  using  the  3-5  pm  camera  looking 

at  an  M48A5  tank  against  a  snow  background. 


6.  SMOKE  CHARACTERIZATION 

Preliminary  evaluation  of  amoke  characterization  Instrumentation  was  also  conducted  during 
SNOW-ONE.  Fog  oil,  PEG  200,  and  four  IR  screenurs  were  dispensed  by  Chemical  System  Laboratory  personnel 
usLng  the  equipment  shown  In  Figure  31,  The.  fogger  (left)  was  used  to  dispense  fog  oil  and  the  PEG  200. 
Tlie  other  materials  were  dispensed  using  the  device  in  the  center,  which  was  assembled  using  partB  from 
the  XM49  smoke  generator,  A  small  amount  of  WF  smoke  wa»  also  released  using  wedges  from  the  XMP25,  155 
mm  round,  tn  all,  12  smoke  trials  were  conducted,  all  under  clear  conditions.  Unfortunately,  It  was  not 
possible  to  maintain  an  on-slte  smoke  capability  long  enough  to  conduct  operations  during  a  snowfall  or 
under  very  cold  conditions, 

A  major  objective  of  the  smoke  experiment  was  to  evaluate  the  performance  of  current  smoke- 
characterizing  Instrumentation  in  a  winter  environment  in  advance  of  any  major  winter  smoke  test. 

Figure  32  la  a  view  of  some  of  this  Instrumentation  operated  by  the  Dugway  Proving  Ground  (DPG)  Safari 
Team.  In  addition  to  the  chemical  lmplngers,  aerosol  photometers,  and  a  particle  size  analyzer  used  by 
UPC;  additional  measurements,  1  nr  lading  some  using  the  University  of  Tcmhuhroc  Space  Institute  psrtlcle 
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The  two  loads  required  to  transport  the  HULK. 


HUMAN  FACTORS  STUDY 


The  USMC  conducted  n  human  factors  exercise  at  the  SNOW-ONE  site  and  adjoining  a  roan  using  t  lie 
HULK.  Thuy  were  interested  In  seeing  what  types  of  problems  might  be  encountered  during  movement ,  setup 
and  operation  of  the  MULE  in  ft  winter  environment.  This  exercise  was  directed  by  the  USMC  Operations  Test 
and  Evaluation  Activity  at  (Juantico.  The  troops  involved  were  from  Camp  Pendleton.  Transporting  the 
MULE  requires  two  men,  each  with  a  load  of  approximately  100  lb,  as  shown  in  Figure  17.  After  setup,  It 
was  difficult  to  operate  with  gloves  on  (Figure  18).  Bnttery  life  was  also  extremely  limited,  even  at 
the  relatively  moderate  temperatures  (+S  to  -lr)°C)  encountered  during  this  test  phase , 
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FIGURE  33.  Typical  MULE  deployment.  Note  that  operator  hae  removed  his  gloves. 


8.  PRELIMINARY  RESULTS 


Up  to  this  point,  Is  has  been  possible  to  discuss  some  of  the  measurement  programs  that  ware 
conducted  at  SNOW-ONE  without  saying  too  much  relative  to  results  or  conclusions.  There  was  little 
choice  In  this  approach,  as  this  paper  had  to  meet  a  10  April  81  deadline,  and,  essentially,  no  final  re¬ 
sults  were  available  prior  to  that  date.  However,  there  are  several  areas  where  Important  preliminary 
results  are  emerging. 

First,  performance  of  the  state-of-the-art  snow  characterization  Instrumentation  used  at  SNOW- 
ONE  was  very  good.  High  frequency  mass  concentration  maisurements  were  made  for  the  first  time  In  both 
rain  and  snow  In  combination  with  propagation  measurements  across  a  wide  frequency  spectrum.  These,  to¬ 
gether  with  both  mechanical,  photographic  and  electro-optical  (e/o)  partlclo  sine  measurements  will  allow 
significant  advances  to  be  made  In  understanding  of  the  performance  of  e/o  systems  performance  in  a 
winter  environment.  One  examples  muss  concentration  alone  does  not  determine  e/o  Byitem  performance  In 
falling  snow.  The  size  and  site  distribution  of  the  snow  must  also  be  considered,  as  must  the  potential 
presence  of  other  obscurants, 
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Second,  a  snow  cover  can  pose  problems  for  the  operation  of  both  ir.'rared  and  mm  wave  target 
location  and  tracking  svstems.  This  appears  particularly  true  at  mm  wavelengths  where  changes  In  snow 
characteristics  over  relatively  short  time  periods  resulted  In  large  ( —20  db)  changes  In  backscatter 
( Hauarle,  1981). 

Next,  transportation  and  operation  of  the  USMC  MULE  (Modular  Universal  Laser  Equipment)  was 
very  difficult  undnr  winter  conditions,  Individual  loads  are  haavy  (>100  lb),  the  equipment  is  difficult 

4 

to  operate  with  gloves  on,  and  battery  life  wae  extremely  short. 

Finally,  visible  through  far  Infrared  transmission  appears  to  degrade  at  about  the  same  time,  in 
falling  snow.  Transmisi ion  in  the  infrared  appoars  to  bn  affected  slightly  more  than  that  in  the 
visible,  possibly  because  of  atrong  water  absorption  In  the  Infrared  (Curclo,  1981).  Moderate  snowfall 
significantly  attenuated  transmission  at  short  ranges  (640  m),  to  the  extent  of  complete  system  degrada¬ 
tion  (Butterfield,  1981),  Attenuation  in  light  snowfall  was  sufficient  to  suggest  a  reduction  in  the 
maximum  range  capabilities  of  some  systems. 


9.  SUMMARY 

In  the  Interests  of  time  and  space,  and  because  at  this  time  a  great  deal  of  the  needed  data 
are  unavailable,  T  have  not  mentioned  ell  of  the  measurement  programs  conducted  et  SNOW-ONE.  jHI  fear  I 
may  not  have  done  Justice  to  soma  of  those  I  did  mention,  A  report  summarizing  all  of  thess  timau"Yemeut 
programs  and  containing  analyses  of  date  for  selected  times,  together  with  an  index  to  all  the  data 
available,  Is  scheduled  for  completion  in  June.  A  detailed  discussion  of  the  results  will  take  place  at 
a  symposium  to  bn  held  at  CRREL  on  4-5  August  8U  * 

The  next  major  winter  field  program,  SNOW-ONE  A,  Is  scheduled  to  begin  in  early  December  l'J81 
at  the  SNOW-ONK  site  in  Vermont.  A  planning  meeting  for  SNOW-ONE  A  will  be  held  at  CRREL  on  6  August. ' 
Preliminary  plans  for  SNOW-TWO,  which  will  emphasize  smoke  performance  in  u  winter  environment, 
will  also  be  discussed  at  the  6  Augunt  meeting.  SNOW-TWO  is  tentatively  scheduled  for  January— Kebruu ry 
1983. 
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AN  OVERVIEW  OF  SMOKE  WEEK  III 
Gary  Nelson 

Office  of  the  Project  Manager,  Smoke/Obscurants 
Aberdeen  Proving  Ground,  Maryland  21005 

ABSTRACT 

An  eight  minute  film  describing  Smoke  Week  111  will  be  shown.  This  will  serve  as  an  Introduction 
andorlentlng  background  for  the  many  papers  which  follow  In  this  Symposium  dealing  with  the  measuring 
techniques  used  and  observations  made  during  Smoke  Week  111. 

The  film  shows  the  topography  of  the  area  In  which  the  test  was  conducted,  the  Instrumentation 
of  participants,  aerosol  dissemination  methods  and  devices,  and  one  or  two  examples  of  the  smoke 
trials  as  they  develop.  The  Instrumentation  cluster  used  In  Smoke  Week  III  and  a  field  calibration 
of  the  Instruments  In  that  cluster  are  also  shown.  The  film  reviews  the  major  positions,  Including 
the  target  area,  Instrumentation  cluster  and  grid,  and  the  0.8  km  and  1.7  km  positions. 
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DESCRIPTION  OF  A  SYSTEM  FOR  THE  MEASUREMENT  OP 
OPTICAL  AND  MILLIMETER  WAVE  TRANSMISSION 
THROUGH  BATTLEFIELD  ENVIRONMENTS* 

Robert  J.  Keyes 

Massachusetts  Institute  of  Technology 
Lincoln  Laboratory 

P.0.  Box  73 i  Lexington,  Massachusetts  02173 

ABSTRACT 

Simultaneous  measurements  of  the  propagation  of  radiations  at  .6328|jm,  O.go^um, 
10.6nm  and  3mm  have  been  curried  out  over  the  past  year  at  Camp  Edwards,  MA  through 
natural  atmospheres  and  simulated  battlefield  environments  (smoke,  dust  and 
explosions).  These  measurements  of  radiation  attenuation  over  near  identical  paths 
for  all  wavelengths  were  designed  to  provide  the  data  base  necessary  for  the  optimal 
design  of  a  battlefield  communication  system.  This  report  describes  the  transportable 
systems  used  in  these  tests , including  the  pertinent  parameters  associated  with  the 
transmitters,  receiving  sensors,  digital  and  analog  recording  systems,  and  auxiliary 
sensors  which  produce  passive  Infrared  imagery  with  an  AGA  camera  and  measure  Cn2  at 
the  HeNe  wavelength.  The  geometric  layouts  of  the  various  tests  are  also  discussed 
along  with  a  description  of  the  environmental  conditions.  Analysis  of  these  data  Is 
presented  in  the  following  paper  by  R.  Sasiela. 

1.  INTRODUCTION 

During  the  past  spring  and  summer,  a  variety  of  simultaneous  atmospheric 
transmission  measurements  at.  wavelengths  of  .6326um,  0.904um,  10.6um  and  3mm  were  con¬ 
ducted  at  Camp  Edwards,  MA  using  a  mobile  measurement  oysti-.m  developed  under  Army  sup¬ 
port.  These  data,  recorded  on  digital  tape,  were  subsequently  computer  analyzed  in 
order  to  anaesa  the  impact  or  natural  and  battlefield  environments  on  potential 
question  and  answer  communication  systems.  This  report  describes  the  parameters  of 
the  measurements  system  and  the  pertinent  aspects  of  the  field  tests  that  were  con¬ 
ducted  . 

The  system  is  installed  in  two  large  vans  (transmitter  and  receiver)  that  carry 
their  own  aourcesof  power  and  communion!  Iona .  For  tests,  the  vans  can  be  positioned  at 
the  terminal  points  of  selected  paths  and  the  transmission  of  that  path  can  he 
measured  at  the  various  wavelengths  under  a  variety  of  natural  and  battlefield  con¬ 
ditions  .  Figure  1  shows  a  block  diagram  of  the  total  measurement  system.  The  optical 

•Thin  work  wan  sponsored  b,y  the  Departments  of  the  Army  and  the  Air  Force. 
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radiation  sources  Indicated  in  Figure  1  are  co-borealghted  on  a  single  optical  plat¬ 
form  that  can  be  accurately  pointed  in  the  dealred  direction  with  the  aid  of  a  gun- 
sight  telescope.  The  3mm  source  (12  Inch  dish)  and  pointing  scope  were  located 
beside  the  optical  mount  and  boreslghted  in  the  same  direction.  A  TV  antenna  atop 
each  van  provided  a  common  time  reference  pulse  from  a  local  commercial  broadcasting 
station  which  was  used  to  synchronize  the  optical  radiation  pulses  and  the  receiver 
electronics  at  1500Hz.  The  millimeter  wave  system  was  operated  cw. 
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•TGURK  1.  A  BLOCK  DIAGRAM  OF  THK  MEASUREMENT  SYSTEM  KOR  THE  EXPERIMENTAL 
FIELD  SITE. 


The  radiation  receivers,  also  co-located  and  boreslghted,  wera  housed  In  the 
'second  van  along  with  the  recording  and  monitoring  systems.  Except  Tor  the  QaA s 
rad  1  at.  ion  there  Is  one  receiver  for  each  wavelength.  Two  receivers,  whose  seat  1  a  1 
r.epar  .Mon  war  ''ontro]  table,  were  provided  at  0.d0!ium  In  order  to  study  the  et'cecf.K  r 
spatial  diversity  ■  .ri  fading  phenomena  due  to  atmospheric  turbulence.  The  sensor 
signals  nr  amplified  to  a  level  of  in  volts  oeak-t  i-neak  before  entering  the  analog 
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and  digital  recording  systems.  For  digital  recording,  peak  hold  circuits  triggered  by 
the  TV  reference  pulse  were  used  prior  to  12  bit  digitization.  The  analog  signals 
were  recorded  on  a  14  channel  system  (not  shown)  along  with  voice  commentr  crd  TPT.0 
time.  The  analog  data  was  used  primarily  as  a  backup  to  the  digital  systems  and  as  a 

"quick-look"  capability  for  editing  purposes.  Real  time  monitoring  of  signals  from 
the  prime  sensors  was  obtained  via  oscilloscope  displays. 

In  addition  to  the  prime  sensor  measurements,  meteorological  data  (temperature, 
humidity,  rain  rate,  wind  speed  and  direction)  from  a  portable  weather  station  were 
digitized  and  recorded.  A  video  tape  system  which  was  also  boreslghted  to  the  prime 
sensors  provided  a  visual  image  of  the  test  path.  During  all  battlefield  environment 
tests  an  AQA  recording  camera  provided  LWIR  Images  of  the  area  and  of  calibrated  ther¬ 
mal  sources  in  the  field  of  view.  Communications  between  the  various  Instrument  sta¬ 
tions  were  conducted  over  radio  except  during  recording  runs.  It  was  observed  that 
radio  transmissions  interfered  with  data  recording.  During  measurement  periods, 
hardwire  military  field  telephones  were  used  for  communication.  Table  I  gives  some  of 
the  pertinent  parameters  of  the  prime  radiation  transmitters  and  receivers. 


TABLE  I.  TRANSMITTER/RECEIVER  PARAMETERS 


TRANSMITTERS 


Wavelength 

Ave  rage 
Power 
( watts ) 

Peak 
Power 
(watts ) 

PRF 

(Hz) 

Beam 
Angle 
(mrad ) 

0 . 6  3  2  8  u  m 

0.5x10-3 

10“3 

1,500 

1  to  6 

0 . 904  iim 

0.012 

30 

1 ,500 

7 

1 0 . 6  u  m 

1.0 

2.0 

1,500 

14 

3  mni 

0.01 

o  w 

rw 

13 

RECEIVERS 


F0V 
(  rad ) 

Aperture 

(cm) 

Sensitivity 

(SNR-1) 

Bandwidth 

(Hz) 

7x10-3 

3.5 

lO-^w/Hz1/2 

2,500 

1.0 

5.0 

10-12w/Hz1/2 

2,500 

.01 

2.5 

10"12w/Hz1/? 

2,500 

0.18 

1.7 

6x10-1  Hw  ,'i|7 

10 
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2.  FIELD  MEASUREMENTS 

The  battlefield  environments  of  Interest  can  be  broken  down  Into  two  broad 
categories:  natural  and  man-generated.  The  natural  environments  are  dictated  by  the 

vagaries  of  local  meteorological  conditions  and  lienee  require  extended  periods  of  time 

to  encompass  the  wide  variety  of  conditions  that  might  be  present  on  a  battlefield. 

The  man-generated  environments  (smokes,  dust,  explosions)  were  under  our  direct 
control  and  hence  measurements  of  these  conditions  were  conducted  over  short  time 
periods  of  intensive  testing  (2  days).  Table  II  presents  a  summary  of  the  propaga¬ 
tion  tests  carried  out  at  the  Camp  Edwards  site.  R.  Saalela  will  discuss  the  computer 
analysis  of  this  data  and  its  significance  to  BIFF  systems  in  these  spectral  regions 
in  the  following  paper. 


TABLE  II.  CAMP  EDWARDS  BIFF  PROPAGATION  EXPERIMENTS 


1 .  HC  Smoke 

2.  White  Phosphorus 

3.  Vehicular  Dust 

4.  105mm  Shell  Explosions 

5.  Natural  Atmospheric.  Turbulence 

6.  Turbulence  in  Rain  and  Fog 

7.  Spatial  Diversity  Testa 


Two  twenty-minute  tests  using 
military  smoke  pots  with  total 
visible  obscuration 


Two  tests  using  smoke  grenades 
deployed  from  tank  launcher 


Eight  tests  with  high  visible 
attenuation  generated  by  dragging 
a  hurricane  fence  over  propagation 
path 


Two  tests  with  5  shells  exploded  at 
2  second  intervals  producing  high 
attenuation  at  all  wavelengths 


Optical  data  recorded  at  various 
turbulence  levels  with  600  and 
1200m  path  lengths 


One  test  with  P  dB/km  visible 
attenuation 


Data  recorded  at  various  separations 
of  OaAs  receivers 
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RESULTS  OP  SIMULTANEOUS  TRANSMISSION  MEASUREMENTS 
AT  MMW  AND  VARIOUS  OPT  !TAL  FREQUENCIES 
IN'  A  BATTLEFIELD  ENVIRONMENT* 

R.  J.  Saslela 

Massachusetts  Institute  of  Technology 
Lincoln  Laboratory 
Lexington,  Maasachuaetts  02173 

*  1  ABSTRACT 

Simultaneous  transmission  measurements  have  been  made  at  0.901!,  0.6328,  and  10.6 
microns,  and  3mm  wavelengths.  Various  impediments  to  transmission  including  tur¬ 
bulence,  explosives,  HC  smoke,  phosphorus  grenades,  dust  and  fog  were  introduced  into 
the  transmission  path.  Results  of  the  data  analysis  will  be  presented  which  include 
relative  attenuation,  temporal  and  spatial  effects,  and  a  comparison  of  the  turbulence 
data  with  theory. 


1.  INTRODUCTION 

This  report  describes  the  analysis  of  data  taken  in  various  natural  and  battle¬ 
field  environments  to  determine  the  effect  of  obscurants  on  a  communication  system. 
Measurements  were  taken  at  0.6328,  0.90A,  and  10,6  micrometers  and  at  92.70Hz  with  the 
system  described  by  R.  Keyes  in  the  previous  paper.  These  frequencies  were  chosen 
because  for  covert  communications  they  have  the  advantage  of  having  a  narrow  beamwldth 
with  mode,'1,  aperture  size  and  they  respond  differently  to  battlefield  obscurants. 

The  lilt  error  rate  is  a  measure  of  the  effectiveness  of  a  digital  communication 
system.  On  a  dirty  battlefield  the  error  rate  is  affected  not  only  by  the  attenuation 
produced  by  the  obscurantB  but  also  by  scintillation-induced  fading.  It  has  been 
ahown^  that  under  turbulence  conditions  likely  to  be  encountered,  optical  systems 

can  require  a  10-30dB  increase  in  required  signal  level  in  order  to  achieve 

rates  comparable  to  thoBe  achieved  in  the  absence  of  turbulence.  A  question  addressed 
in  this  report  Ls  whether  the  effects  of  obscuration  and  scintillation  are  independent 

or  whether  scintillation  level  is  a  function  of  the  obscuration. 

Additional ly , the  time  history  or  the  obscuration  Is  examined  to  see  what  Is  the 

host  strategy  In  repeating  a  message  to  Increase  the  probability  of  reception. 

S”Ti  i  fa  "work"  was  sponsored  by  the  Departments  or  the  Army  and  the  Air  PoiVe . 
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2.  EXPERIMENTAL  SYSTEM 

The  portable  system  used  to  make  the  measurements  Is  described  In  detail  In  the 
previous  paper  by  R.  Keyes.  Briefly, the  system  consists  of  two  trucks,  one  con¬ 
taining  the  transmitters  the  other  the  receivers  and  recording  equipment.  The 

transmitters  used  were  a  CO2  laser  operating  at  10.6  micrometers,  a  HeNe  laser 
operating  at  0.6328  micrometers,  a  QaAs  laser  operating  at  0.904  micrometers,  and  a 
MMW  system  operating  at  92.70Hz.  The  receiver  truck  contained  receivers  for  all  the 

♦ 

above  frequencies  and  a  computer  controlled  recording  system.  Each  signal  was  digi¬ 
tized  by  a  12  bit  A/D  converter  and  recorded  at  a  1500Hz  rate. 

The  beamwldth  of  the  transmitted  signal  was  much  larger  than  the  receiver  aper-  # 
tures.  The  signal  to  noise  ratio  In  the  receivers  with  no  obscurants  present  was 
greater  than  the  36dB  Instantaneous  dynamic  range  of  the  recording  system.  An  analog 
display  system  was  used  to  set  gain  levels  and  help  to  verify  proper  systems  operation 
before  digital  recording  started. 

The  time  history  of  the  signal  transmission  was  recorded  for  each  experiment  and 
subsequently  analyzed.  Prom  this  data, we  determined  the  scintillation  level  with  and 
without  obscurants  and  the  relative  attenuation  measured  by  all  sensors.  In  addition, 
the  time  history  of  the  transmissivity  was  examined  to  determine  the  bust  strategy  for 
repeating  messages. 

3 .  TURBULENCE  DATA 

Data  was  taken  with  no  obscurants  present  and  compared  to  theory,  both  to  verify 
the  data  taking  and  reduction  process  and  to  gather  scintillation  data  which  could  be 
compared  to  the  scintillation  data  with  obscurants  present.  The  amplitude  of  the 
return  is  expected  to  have  a  log-normal  distribution.  Over  a  path  of  uniform  tur¬ 
bulence  wnen  the  turbulence  Integrated  along  the  path  is  not  too  strong,  the  variance 
of  the  log  Intensity  for  a  spherical  wave  is  equal  to2: 

2  ,  .  ,  p  2  .7/6  _ 11/6 
Oj  ■  0.5  Cric  k  L 

where  Cn2  Is  the  refractive  index  structure  constant, 
k  la  the  wavenumber,  2»/x, 
and  L  la  the  path  length 
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The  above  formula  applies  to  a  point  detector  or  one  much  smaller  than  the  Fresnel 

length  (ziTaT.)  ,  which  Is  the  average  size  of  the  turbulence  cells  at  the  receiver.  For 

larger  apertures  as  In  this  experiment,  the  measured  scintillation  is  reduced  by  an 

aperture  averaging  effect.  For  low  angular  beam  divergence  and  turbulence  levels  n't 

close  to  saturation  (conditions  which  applied  In  these  experiments ), a  good  approxlma- 

2 

tlon  to  the  true  log  -  Intensity  variance,  oj  ,  measured  by  an  aperture  of  diameter  d, 
can  be  found  from  the  measured  value,  o2,  by  solving  the  equation1 

exp  (o2)-l  »  {  (exp  ( 0^2 )_ i ) 
where  t  «  (XL/d2)  /  [  1  +  (xL/d2)  ] 

Scintillation  measurements  were  taken  on  various  days.  A  typical  time  plot  of  a 
sensor  return  is  shown  In  Figure  1.  The  histograms  of  the  return  Intensity  for  the 
HeNe,  ClaAs ,  and  CO2  sensors  for  the  same  time  are  compared  to  a  log-normal  Intensity 
curve  with  the  same  standard  deviation  as  the  data  in  Figures  2,  3,  and  4.  The 
agreement  Is  very  good.  Another  way  of  plotting  the  data, which  accentuates  the 
returns  which  lie  in  the  tail  of  the  curve, Is  shown  in  Figure  5.  This  contains  a  plot 
of  the  ClaAs  data  on  log  probability  paper  out  to  +3  standard  deviations'. 

Along  with  the  digital  measurements , a  bar  chart  at  the  transmitters  was  viewed 
through  an  optical  telescope  at  the  receivers  to  measure  the  "seeing"  conditions. 

This  measurement  can  be  used  to  get  an  estimate  of  Cn2, since  at  visible  wavelengths 
the  resolution,  Reav,  la  approximately  equal  to  J 

Resv  =  xv/roV 

f  n  n 

where  rfl  Fried's  coherence  diameter , which  is  related  to  by 


-5/3 

r0  -  0.159k2  h  Cn?. 

Using  0.6  micrometers  as  the  wavelength,  one  obtains 

o  ,-5/3 

t:n?  =  1.87  x  10- 12  Heiiy  /t, 

where  the  resolution  Is  measured  in  arc-seconds. 

The  value  of  (!,,■’  measured  l,y  all  sensors  should  lie  the  same  at.  any  time.  A  com- 
I  ■  ■■  1 1  •  1 ;  1  ■  1 1 1  of  results  for  various  days  and  times  of  day  Is  given  In  Figure  f> .  The 
1 1- 1  ■  ■ . ii,i .  1 1 1  Is  very  goo. |  for  all  sensors.  There  was  no  effort  t.n  make  seeing 

% 
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measurements  at  the  time  the  scintillation  data  was  taken.  On  day  three  the  sky  was 
partly  cloudly  and  the  value  of  Cn2  changed  rapidly  as  the  sun  came  out.  This  could 
account  for  the  anomalous  seeing  measurement  which  was  taken  8  minutes  before  the 

scintillation  data  was  recorded. 

4.  WHITE  PHOSPHORUS  SMOKE 

White  phosphorus  smoke  clouds  were  generated  by  firing  smoke  grenades  from  a  tank 
launcher.  This  experiment  and  the  following  ones  had  a  600  meter  propagation  path. 

The  transmitted  signal  versus  time  for  the  HeNe,  QaAs  and  CO2  laser  systems  are  Bhown 
in  Figures  7,  8,  9.  There  was  no  effect  on  the  MMW  signal.  The  lowest  signal  which 
could  be  measured  was  0  counts.  To  indicate  how  many  points  had  zero  oounts.all  these 
points  are  plotted  as  a  random  number  between  0  and  minus  1.  The  region  of  high 
attenuation  lasted  several  minutes.  There  were  no  holes  in  the  smoke;  however,  there 
were  large  variations  in  the  attenuation  occurring  on  a  time  scale  of  about  10 
seconds . 

An  examination  of  the  scintillation  amplitude  does  not  show  any  significant  change 
us  the  attenuation  changed.  Therefore  for  white  phosphorus  smoke, the  effects  of  atte¬ 
nuation  and  scintillation  are  additive  in  producing  an  increase  in  bit  error  rate. 

The  relative  attenuation  of  the  different  sensors  can  be  round  by  plotting  the 
signal  level  of  one  sensor  versus  another  for  each  pulse,  This  is  shown  Tor  QaAs  vs 
HeNe  in  Figure  10  and  OaAs  vs  CO2  lb  Figure  11.  The  relative  attenuation  is  found 
from  the  slope  of  the  line  drawn  through  the  points.  Doing  this,  one  finds  that  HeNe 
has  2.1  times  the  extinction  coefficient  of  CJaAs  while  the  CO2  laser  ban  0.15  times 
that  of  GaAs.  As  previously  mentioned , the  MMW  system  had  no  attenuation.  Therefore 
the  HeNe  laser  signal  Is  very  sensitive  to  white  phosphorus  smoke,  the  OaAs  laser 
system  ts  moderately  affected,  while  the  COj  laser  system  is  only  Blightly  affected. 

5 .  DUST 

Dust  was  generated  by  driving  a  truck  which  was  dragging  a  wire  fence  along  a  dirt, 
road  th.it  crossed  the  transmission  path  of  the  sensors.  Figures  12,  11  and  ll|  show 
the  time  history  of  the  HeNe,  OaAs  and  C'.llp  laser  returns  for'  one  run  with  the  plots 
starting  Just  after  the  truck  passed  through  the  field  of  view.  The  MMW  signal  Is  net 
shown  because  mice  again  It  was  unaffected  by  the  obscurant.  The  time  duration  of  the 
dust  idTec !.  which  Is  SO  seconds  In  this  case,  Is  highly  dependent  on  Weather  eon- 
dl'  ions. 

UNCLASSIFIED 


UNCLASSIFIED  , 

Notice  that  the  scintillation  Initially  decreases  as  the  attenuation  increases. 

The  scintillation  was  examined  more  closely  at  various  levels  of  attenuation  and  the 
results  are  summarised  in  Table  I,  For  7dB  of  GaAs  attenuation  there  Is  a  reduction 
of  the  scintillation  In  the  3  laser  sensors.  The  scintillation  then  rises  rapidly  as 
the  attenuation  increases.  For  the  HeNe  laser  the  reduction  in  scintillation  when  the 
OaAs  attenuation  is  7dB  almost  compensates  for  the  reduced  signal  level, 

Table  I.  Variance  of  Log  Intensity  for  Various  Levels 
of  Dust  Produced  Attenuation 


OaAs  Attenuation  (db) 

HeNe 

OaAs 

C02 

0 

.145 

.063 

.017 

7 

.08? 

.041 

.013 

10 

.16 

.10 

.025 

so  that  low  levels  of  dust  do  not  affect  the  bit  error  rate  significantly.  Since  the 
scintillation  rate  with  no  attenuation  is  lower  for  QaAs  and  the  CO2  Bystem,  the 
reduction  or  scintillation  is  not  as  significant  at  this  attenuation  level.  For  the 
OaAs  system, the  reduction  in  scintillation  reduces  the  attenuation  effect  by  2dB, while 
it  haB  hardly  any  efTect  for  the  COg  sensor.  Since  the  scintillation  still  increases 
with  frequency  of  the  signal,  it  produces  a  more  detrimental  effect  on  the  higher  fre¬ 
quencies  . 

The  attenuation  varied  over  lOdB  in  periods  or  about  5  seconds.  In  an  actual 
battlefield  situation  ,  the  source  of  the  generators  of  dust  would  be  generally  local 
arid  may  be  transitory.  Therefore,  a  strategy  of  repeating  the  message  every  several 
seconds  would  be  the  most  effective  in  getting  the  message  through. 

The  extinction  coefficient  is  found  by  plotting  one  sensor's  data  versus  the  other 
in  Figure  15  and  16.  From  these  the  extinction  coefficients  arc  found  to  be  the  same 
for  the  HeNe  and  OaAs  while  COj  is  0,7  of  the  other  two.  Therefore,  the  errect  of 
dust  is  about  the  name  for  all  these  laser  systems  with  CO2  having  a  slight  advantage. 
Hunt  han  no  effect  on  the  MMW  signal. 

6 .  HC  SMOKE 

The  hexachloroethane  (HC)  Httioko  was  generated  by  military  srnoke  pots.  There  was 
total  visible  obscuration  for  several  minutes  at  a  time  under  thp  conditions  nr  the 
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teat.  Attenuation  levels  greater  then  30dB  were  recorded  for  both  the  QaAs  and  HeNe 
lasers.  Figures  17,  18  and  19  are  plots  of  the  HeNe,  QaAs  and  COp  signals  versus  time 
during  a  period  when  the  smoke  was  dissipating  and  transmission  holes  were  developing 
in  tiie  smoke.  There  was  no  effect  of  the  smoke  on  the  MMW  signal  luring  this  entire 
test.  Figures  20  and  21  are  relative  attenuation  plots  of  the  QaAs  signal  versus  HeNe 
and  COp.  From  these, one  determines  that  HeNe  has  1.2  times  and  COp  has  leas  than  .02 
times  the  extinction  coefficient  of  QaAs, 

During  some  periods  of  the  test, the  QaAs  and  HeNe  attenuations  were  greater  than 
30dB  for  over  a  minute.  There  is  no  effective  strategy  to  use  in  this  situation  to 
get  the  signal  through.  As  the  smoke  is  dissipating,  the  attenuation  experiences 
rapid  changes  in  level  over  periods  of  several  seconds.  In  this  situation  , 
repeating  the  signal  when  the  target  was  visible,  which  was  about  every  seoond  in 
these  tests,  would  be  the  most  effective  strategy. 

The  relative  scintillation  level  did  not  change  much  with  attenuation  and  the 
effects  of  scintillation  and  attenuation  would  have  an  additive  effect  on  the  bit 
error  rate. 

7.  ARTILLERY  SHELLS 

To  simulate  an  artillery  shell  landing  in  the  transmission  path,  105mm  shells  were 
burled  2  feet  underground  between  the  transmitters  and  receivers.  At  the  time  or 
shell  detonation  the  transmission  fell  to  zero  for  all  sensors , indicating  that  the 
attenuation  is  greater  than  30dB.  This  total  obscuration  lasted  for  approximately  1.5 
seconds  followed  by  a  rapid  recovery  to  a  level  with  about  lOdB  attenuation.  The 
transmission  then  gradually  recovered  to  the  non-obscurant  level  in  5-10  seconds. 
Figure  22  shows  the  time  history  of  the  MMW  signal.whlch  is  typical  of  the  other  sen¬ 
sors.  Figures  23  and  2k  show  a  comparison  of  the  QaAs  signal  to  HeNe  and  COp.  The 
attenuation  at  any  time  is  equal  for  all  the  sensors , which  indicates  that  the  par¬ 
ticles  thrown  up  by  the  explosions  are  large  compared  to  all  wavelengths  and  the  atte¬ 
nuation  1b  equal  to  the  percentage  of  the  sensors  field  of  view  which  is  obscured  by 
the  particles. 

Because  of  the  total  signal  obscuration  immediately  after  the  shell  explodes,  a 
transmission  would  have  to  be  repeated  several  seconds  after  the  burst  In  order  to  get 
u  message  through.  In  these  experiments  the  dust  produced  by  the  falling  deorlB  blew 
out  of  th>*  beam  so  that  no  effect  or  dust  Is  present.  In  the  case  of  shells  exploding 
upwind . there  would  be  Just  effects  if  the  ground  were  not  too  wet. 
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7.  CONCLUSIONS 

A  measurement  system  to  record  simultaneous  measurements  at  3  laser  frequencies 
and  at  92.70hz  was  built  and  tested  in  the  field.  This  system  gave  results  In 
agreement  with  theory  when  atmospheric  turbulence  was  measured.  The  relative  atte¬ 
nuation  between  the  three  laser  frequencies  waa  measured  with  white  phosphorus  smoke, 
HC  smoke,  dust  and  105mm  shell-produoed  debris  in  the  transmission  path.  A  summary  of 
these  measurements  is  given  in  Table  II. 


Table  II.  Relative  Extinction  Coefficients  of  Varlouo 
Sensors  Compared  to  a  QaAs  Laser. 


Dust  Artillery 


White  Phosphorus 
Smoke 

HC 

Smoke 

0.6328 

wm 

2.1 

1.2 

0.904 

Mill 

1 

1 

10.6 

pm 

0.15 

<.015 

92.7 

GHz 

0 

0 

The  MMW  system  is  the  most  desirable  for  a  communication  Bystem  when  transmission 
effects  are  aonslderad.  The  CO2  system  is  next  in  desirability  because  it  is  affected 
to  only  a  rmall  degree  by  white  phosphorus  and  HC  smoke  and  because  turbulence  efrects 
are  not  as  severe  as  at  the  higher  frequencies. 

The  effects  of  the  obscurants  are  additive  to  those  of  turbulence  when  considering 
transmission  effects  except  in  the  case  of  dust.  For  low  attenuation,  the  scin¬ 
tillation  decreases  to  reduce  the  effect  of  the  dust  on  the  communication  system.  The 
scintillation  reduction  is  no  longer  evident  once  the  attenuation  exceeds  lOdB, 
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FIHURH  7.  TRANSMISSION  OF  A  HeNe  LASER  SIGNAL  FIGURE  8.  TRANSMISSION  OF  A  GaAs  LASER  SIGNAL 
IN  1HK  PRESENCE  OF  WHITE  PHOSPHORUS  IN  'iltti  PRESENCE  OF  WHITE  PHOSPHORUS 
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FIGURE  9.  TRANSMISSION  OF  A  CO;  LASER  SIGNAL 
IN  THE  PRESENCE.  OF  WHITE  PHOSPHORUS 
SMOKE. 
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10.  RELATIVE  TRANSMISSION  OP  GaAs 
AND  HeNe  LASERS  IN  THE  PRESENCE 
OP  WHITE  PHOSPHORUS  SMOKE. 
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FIGURE  11.  RELATIVE  TRANSMISSION  01'  GuAs  AND 
C02  IASI  IRS  IN  THE  PRESENCE  OF’  WHITE 
PHOSPHORUS  SMOKE. 
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FIGURE  IS.  RELATIVE  TRANSMISSION  OF  HeNe  AND 
GaAs  LASER  SYSTEMS  WITH  DUST  IN  THE 
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FIGURE  Id. 


RELATIVE  TRANSMISSION  OF  OO2  AND 
O.aAs  1ASHH  SYSTEMS  WITH  DUST  IN 
THE  DAW. 
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FIGURE  20.  RELATIVE  TRANSMISSION  OF  GaAs  AND 

HeNe  USER  SYSTEMS  WITH  SMOKE  PRESENT, 


FIGURE  21.  REUTIVE  TRANSMISSION  OI:  GaAs  AND 

a>2  USER  SYSTEMS  WITH  SMOKE  PRESENT 
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FIGURE  22,  TIME  HISTORY  OF  NMV  TRANSMISSION 
WHEN  A  105mm  SHELL  EXPLODES  IN 
THE  SIGNAL  PATH 
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FIGURE  23.  RELATIVE  TRANSMISSION  OF  GaAs  AND 
HeNe  LASERS  WHEN  A  105mm  SIT  1 1,1, 
HXPLODES  IN  THE  SIGNAL  PATH, 


•  ' 


16  24  32 
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TGlIRli  24.  RELATIVE.  TRANSMISSION  OF  THE  GaAs 
ANU  0)2  USERS  MIEN  A  1 115mm  SHELL 
EXE  1.01  if. 5  IN  1 1  111  SIGNAL  PATH. 
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CANADIAN  PROGRAM  IN  ANTI-IK 
SCREEN INC  AEROSOLS 

R,  E.  Klnchert 

Defence  Research  Establishment  Valcartier 
Cnureelette,  Quc,  Canada 


ABSTRACT 

The  Defence  Research  Establishment  Valcartier  has  been  active  over  the  past  three  years  in  the 
development  and  testing  of  1R  obscuring  aerosols.  An  instrumented  300  aerosol  test  chamber 
was  developed  and  a  series  of  low-temperature  transmission  experiments  carried  out  ori  military 
screening  agenta  and  potential  new  1R  screening  materials.  A  mobile  "laser  Cloud  Mapper"  Instrument 
was  commercially  developed  for  the  rapid  three-dimensional  sounding  of  smoke  clouds  over  the  angular 
limits  of  900  aximuth  x  10°  elevation  and  over  a  maximum  range-gate  of  675  m.  Raaen  on  a  method 
proposed  by  Klett,  linear  extinction  coefficients  were  calculated  from  digitised  backscatter  data 
that  wore  collected  during  recent  field  trials  with  HC  and  red  phosphorus  generated  smoke  clouds. 

The  DREV  research  activity  will  continue  on  cold  weather  evaluations  of  candidate  IR  screening 
materials.  An  extensive  R5.D  program  is  also  evolving  through  research  contracts  with  industry 
and  university.  An  analysis  of  the  application  of  screening  clouds  for  the  protection  of  armored 
vehicles  shows  that  smaller  clouds,  sequentially  disseminated  closer  to  the  tank! provide  a  more 
efficient  screening  performance.  Proposals  are  made  for  collaborative  research  work  with  U.  8. 
laboratories. 

Requests  for  copies  of  this  paper  (which  are  Confidential)  should  be  dent  to  the  following 
address l 

Chief  of  Defense  Research  Establishment)  Valcartier 
P,  0,  Box  8800 
Courcelutte,  Quebec 
GOA  1R0;  Canada 
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DUSTY  INFRARED  TEST  SERIES  (FILM) 
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Bruce  W.  Kennedy 

US  Army  Atmospheric  Sciences  Laboratory 
White  Sands  Missile  Range,  New  Mexico  U800B 

ABSTRACT 

The  Atmospheric  Sciences  Laboratory  has  conducted  three  major  field  tests  to  determine  the 
•effects  of  battlefield  dust  on  electro-optical  transmission.  Dust  Infrared  Test-I  (DIRT-I)  was 
performed  at  White  Sands  Missile  Range  (WSMR)  in  dry  sandy  soil  utilizing  arrays  of  munitions, 
high  expolsives,  and  barrage  artillery  firings.  DIRT- I I  was  also  conducted  at  WSMR  and  consisted 
'of  detonations  of  single  projectiles,  high  explosive  charges,  and  single  artillery  firings  in 
moist,  silty  clay.  DIRT- 1 1 1 A  and  B  were  held  at  Fort  Polk,  Louisiana,  in  sandy  clay.  The  first 
part,  DIRT-I I IA,  consisted  of  single  explosions  of  munitions  and  HE}  DIRT-IIIB  was  single  HE 
detonations  in  prepared  or  tailored  soils. 

A  motion  picture  film  entitled  "Dusty  Infrared  Test  Series"  has  been  produced  describing  each 
test,  the  instrumentation  used,  and  some  results.  The  16-mm  color  film  has  narration  and  sound, 
and  the  running  time  is  14  minutes. 
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DUSTY  INFRARED  TEST  III  (DIRT-III) 

PROJECT  SUMMARY  ^ 

Bruce  W.  Kennedy 

US  Arwy  Atmoaoherlc  Sciences  Laboratory 
White  Sands  Missile  Range,  NM  880D2 

ABSTRACT 

The  Dusty  Infrared  Test  III  (DIRT-III)  was  conducted  at  Fort  Polk,  Louisiana,  during  April-May 
1980.  The  tests  were  divided  Into  two  parts.  D1RT-II1A  consisted  of  explosions  of  munitions  ana  high 
explosives  In  the  natural  soil.  DIRT-X1IB  consisted  of  detonating  high  explosives  on  tailored  soils. 
The  major  purpose  of  D1RT-IIIA  was  to  measure  the  transmission  of  electro-optical  and  millimeter 
radiation  through  dust  clouds  produced  by  the  explosions.  The  soil  at  Fort  Polk  offered  an  extreme 
departure  from  soils  of  the  previous  D1RT-I  and  DIRT-II  testa.  DIRT-II1B  tailored  soils  were  sand, 
silt,  clay,  and  kaolinite  that  were  varied  in  moisture  content  from  dry  to  wet.  Electro-optical 
transmission  measurements  were  also  made  through  the  duet  clouds. 

I .  INTRODUCTION 

The  Dusty  Infrared  Test  111  (DIRT-111)  project  was  the  continuation  of  a  series  that  started  with 
DIRT-I  at  White  Sands  Missile  Range  (WSMP.) ,  New  Mexico,  October  1978,  and  DIRT-11  at  WSMR  during  July 
1979*  DIRT-III  was  conducted  at  Fort  Pclk,  Louisiana.  Each  field  experiment  had  unique 
character latlca,  but  the  purpose  of  the  three  projects  was  to  measure  the  transmission  of 
electro-optical  (E0)  and  millimeter  energy  through  dust  clouds  produced  by  high  explosive  (HE) 
detonations.  Correlative  measurements  were  made  of  cloud  dynamics,  aoll  characteristics ,  cloud 
particles,  meteorology,  and  crater  size. 

Fort  Polk  was  selected  fot  DIRT-111  because  a  radical  change  of  aoll  and  climate  wore  needed.  The 
noil,  silty  sand  and  heavy  clay,  was  very  moist.  The  region  was  surrounded  by  a  pine  forest.  Air 
masses  varied  from  continental  to  maritime  and  combinations  of  both.  The  DIRT-III  project  was  two 
sequential  tests!  D1RT-II1A  was  performed  in  the  natural  soil;  DIRT-X1IB  was  conducted  In  carefully 
selected  and  controlled  soils.  DIRT-ItlA  consisted  of  static  detonations  of  single  HF.  charges  and  of 
foreign  and  domestic  ammunition,  while  DIRT-II1B  used  unly  uncased  HE  charges. 

2.  DIRT-III  OVERVIEW 

DIRT-ILIA  was  conducted  ns  a  Joint  project  between  the  Electro-Optics  Division,  US  Array  Atmospheric 
Sciences  Laboratory  (ASL)  and  the  ExplosLon  Effects  Division,  US  Army  Engineer  Waterways  Experiment 
Scatlon  (WES)  between  14-23  April  1980.  The  locution  was  Range  37,  Fort  Polk  (see  figure  1).  The  WES 
program  was  known  bh  Munitions  Bare  Charge  Equlvalence-80  (MBCE-80) 
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D1RT-1IIB,  conducted  between  28  April  and  1  May  1980,  waa  a  cooperative  effort  between  ASL  ..nd  tho 
Environmental  Syatema  Division,  Environmental  Laboratory,  WES.  The  WES  title  for  the  projecl  was 
bat  tie! 1. Id  Environment  Tailored  Soils  (BETS).  It  wae  also  conducted  at  Fort  Polk. 

The  objectives  of  DIRT-IIIA  were: 

a.  Comparison  of  craters  formed  by  the  detonation  of  artillery  munitions,  including  105  mm,  155  mm, 
122  ns  USSR,  and  152  mm  USSR,  with  those  forned  by  C-4  explosives  in  noil  conditions  and  in  an 
atmospheric  environment  that  were  significantly  different  from  those  of  DlRT-I  and  DIRT-11 

b.  Measurement  of  dust  cloud  growth,  movement,  and  diffusion 

c.  Soil  characterization  of  the  test  area 

d.  Measurement  of  local  meteorology  during  the  test  period 

e.  Determination  of  EO  transmission  properties  through  duet  clouds 

f.  Sampling  of  particle  alza  distribution  in  the  dust  clouds 

g>  Examination  of  the  explosive  equivalence  between  cased  (munitions)  end  unrased  bare  charges 

tllRT-IUB  waa  conrarned  with  the  influence  of  various  types  of  soils  and  moisture  content  on  EO  and 
millimeter  energy  attenuation.  Sand,  silt,  clay,  and  kaolin  were  used  as  the  teat  materials,  and  dust 
clouds  wets  produced  by  detonating  charges  of  M 1 18  demolition  blocks  over  prepared  teBt  pits. 
Measurements  similar  to  those  of  DIRT-1T.IA  were  made  for  DIRT-1IIB.  Table  l  summarizes  the 
Instrumentation  used  In  support  of  both  projects. 

3.  SITE  CONFIGURATION 
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area  wan  located  cLoser  to  the  northern  end  of  the  path.  The  neareBt  detonation  to  the  south 
instrumental  Lon  situ  was  57 A  o  and  the  most  distant  was  724  ra.  The  WSMR  digital  Imagery  system  and  the 
Colorado  State  University  (CSU)  meteorology  equipment  were  Just  over  400  m  in  a  southeasterly  direction 
and  nearly  perpendicular  to  the  teat  area. 

The  forest  surrounding  Range  37  was  primarily  of  pine  with  some  hardwood  mixture.  In  preparing  for 
''the  project,  clear  lines  of  sight  were  cut  during  January  1980  along  and  perpendicular  to  the  optical 
path  for  photographic  and  observational  purposee.  Most  trees  were  very  young  pine  that  were  3  to  4  m 
tall,  but  some  larger  trees  were  also  felled.  As  part  of  their  controlled  burning  procedure,  the  US 
Forest  Service  burned  the  grass  from  the  test  area  in  February  1980.  However,  by  the  time  the  DIRT-III 
project  started,  grasses  had  begun  to  grow.  Other  then  from  the  necessary  vehicular  l-affic  in  the  test 
area,  the  noil  was  not  disturbed. 

In  spite  of  tree  cutting,  the  forest  played  a  dominant  role  in  the  behavior  of  prevailing  winds.  It 
was  for  this  reason  that  meteorological  measurements  were  made  at  four  locations.  The  CSU  forest 
meteorology  measurements  combined  with  those  of  ASL,  were  made  specifically  to  address  this  complex 
problem.  (See  figure  2,  legend  1 temo  7,  24,  29,  and  38.) 

The  terrain  was  gently  rolling  with  the  test  area  about  17  m  lower  than  the  south  instrumentation 
site.  Figure  3  shows  a  profile  along  the  optical  path. 

4.  DIRT-IIIA  TESTS 

Forty-four  testa  were  conducted.  All  were  static  detonations  of  munitions  and  bare  charge  C-4  UK. 
Charges  were!  (I.)  placed  tangent  to  the  surface  (ST)  Inclined  at  20“  and  rotated  at  45“  to  the  optical 
path,  (2)  burled  so  that  the  top  of  the  charge  or  projectile  was  tangent  to  the  ground  surface  (STB), 
(3)  shallow  burled  (SB)  to  depths  of  approximately  0.75  ra,  and  (4)  deep  burled  (DB)  to  depths  greater 
than  l  ra.  Both  on-axts  and  off-axis  test  locations  were  used.  Table  2  summarizes  the  test  schedule  and 
Includes  survey  location  and  surface  weather  observation  at  the  south  Instrumentation  Bite. 

Figure  4  la  a  photograph  comparing  the  sizes  of  ammunition  used  for  the  tests.  Table  3  describes 
ammunition  character  1st les . 
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The  11.9  and  6.8  leg  charge*  of  C-4  were  made  up  from  Individual  blocks  Capped  together.  ST  and  STB 
packages  were  Inclined  at  20*sinillary  co  the  projectiles.  SB  and  DB  charges  were  oriented  vertically 
and  so  were  the  SB  and  DB  projectiles.  Each  projectile  received  approximately  0.2  kg  booster  charge  li 
the  fuze  cavity. 

5.  D1RT-IIIB  TESTS 


Forty-four  test*  were  conducted.  Emphasis  was  placed  on  tailored  wolla  and  not  on  charge  types,  so 
almost  every  charge  was  a  2.27  kg  tapped  package  of  military  plastic  explosive,  M118  demolition  block. 
One  larger  charge  of  4.5  kg  was  used  for  scaling  purposes.  All  charges  were  laid  horizontally  on  the 
surface  except  for  tests  TS  43  and  TS  44  in  which  the  changes  were  buried  for  scaling  studies.  Table 
4  summarized  tailored  soils  tests. 

The  dry  silt  and  clay  were  brought  to  Fort  Polk  from  WES  at  Vicksburg,  Mississippi,  by  truck. 
Packaged  kaalinite  in  powdered  form  was  also  brought  from  WES.  Sand  was  acquired  locally  from  a 
concrete  company  and  had  not  been  subjected  to  the  drying  process  as  Had  the  silt  and  clay.  Test  pita 
were  dug  with  a  backhoe  and  filled  with  the  dealrod  toil. 

6.  SUPPLEMENTAL  TESTS 

A  number  of  supplemental  tests  were  conducted  aside  from  the  HE  dust  test.  These  Included: 

a.  Measurement  of  fog  droplet  size  and  other  associated  meteorological  parameters  on  16  April  1980 

b.  Rain  obscuration  of  visible,  Infrared,  and  95-GH*  energy;  rain  fate  and  drop  size;  related 
meteorological  parameters  on  17  April  1980 

c.  Simultaneous  measurements  of  foreBt  ( meteorology  by  ASL  and  CSU  instrumentation  throughout  the 
night:  measurement  of  95-GH*  sc  lot  j^lat ion  before,  during,  and  after  sunset  and  sunrise  on  22  and  23 
April  1980 
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d.  Ninety-five  GHz  backscatter  from  a  lOb-mm  projectile 

o.  Obscuration  of  visible  and  Infrared  energy  by  vehicular  duct  on  21  April  1980 

7.  RAINFALL  AND  DUST 

In  che  springtime,  west-central  Louisiana  is  very  wet.  Fortunately,  the  weather  vas  fairly 
cooperative  during  the  tests,  but  heavy  rnlnn  before  the  start  of  DIRT-IIIA  and  again  Hfore  DIRT-1IIB 
kept  the  soil  saturated  and  made  traf flcabilJ ty  difficult.  On  the  morning  of  12  April  1980,  Fort  Polk 
recorded  about  14  cm  of  rainfall  in  3  or  4  h.  Five  cm  were  recorded  on  13  April  1980.  A  drying  trend 
then  prevailed  until  17  April  1980  when  thunderstorms  moved  through  the  areA.  Other  periods  of  moderate 
to  heavy  rainfall  occurred  on  23  April  and  25-27  April  1980.  Light  rain  was  recorded  on  18,  21,  22,  and 
24  April  1980,  and  on  1  May  1980. 

Between  peri,  la  of  heavy  rainfall,  the  surface  layer  of  soil  began  to  dry.  A  few  day#  after  heavy 
lalns,  vehicles  traveling  on  tha  dirt  access  road  to  tha  test  area  began  to  stir  up  dust.  Detonations 
in  very  wet  soil  produced  what  appeared  to  be  a  gray  smoko  cloud.  However,  even  the  explosions  in 
haavily  saturated  soil  showed  significant  obscuration  of  visible  and  IR  energy.  Duration  of  obscuration 
was  considerably  less  than  was  observed  at  DIRT-I  and  D1RT-II  tests.  Also,  the  wot  soil  provided  strong 
backscatter  and  attenuation  for  the  95-GHz  radar  for  both  on-axis  and  off-axis  ehota. 

8 .  DATA 

Figure  5  through  13  show  preliminary  data  from  DIRT-III. 
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TAELE  INSTRUMENTATION  SUPPORT  FOR  DIRT-III 


Inst  rument.it  ion 

Aoency 

In  Support  of 
IjTSTTTDT  [TiRTTim 

96  GHz  radar 

Night  Vision 

Electro-Optics 

Laboratories 

X 

X 

0.5>Sum,  1,06'jm,  10.37um 
transmlssometer 

Naval  Research 
Laboratory 

X 

X 

32-m  meteorological  tower 

ASL 

X 

X 

4-m  Meteorological  tower 

ASL 

X 

X 

2-m  meteorological  tower 

ASL 

X 

X 

Scintillometer 

ASL 

X 

X 

Forward  scatter  meter 

ASL 

X 

X 

Rain  rate,  drop  size 

ASL 

X 

X 

Rawinsonde 

Fort  Polk 

Metro  Team 

X 

X 

Visibility 

ASL,  Naval 

Research 

Laboratory 

X 

X 

Surface  observation,  forecast 

Air  Weather 
Service 

X 

X 

Acoustic  sounder 

ASL 

X 

X 

Tethered  meteorological 
balloon 

CSU 

X 

20-m  meteorological  tower 

CSU 

X 

Digital  Imagery 

ASL  and 

WSMR 

X 

X 

Cloud  particulates 

ASL 

X 

X 

Soil  shockwave  transmission 

WES 

X 

Survey 

WES 

X 

X 

Soil  characteristics 

WES,  ASL 

X 

X 

Crater  measurements 

WES 

X 

X 

Photography 

WES 

X 

X 

38-  and  60-GHz  attenuation 

Communicat Ions 
RXD  Command 

X 
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TABU  IV.  SUMMARY  OF  DIRT-I11B 
DIRT-1  fl»  TEST  SChlDULt  “ 


-r-rrur" 

4-28-80 

4-28-80 

4-.28.-aO 


ft - »'^5CBD - 


TIME  TYPE 

“cur — ~ 

1®  Try  CTiy 
1055  Dry  Clay 

1121  Clay/Sand,  Dry 

o?58  cuy.  Dry 
0821  City,  Send,  Dry 
0841  C1«y,  Sand,  Dry 
0911  Silt,  Ory 
0915  Silt,  Dry 
0956  Silt,  Sard,  Dry 
1025  Silt,  Sand,  ory 
1215  Silt,  Dry 
1219  Slit,  Dry 
1306  Silt,  Sand,  Ory 
1137  Sand,  Ory 
1402  Sand,  Dry 
1429  Silt,  Sand,  Dry 
6736  S'lt,  Dry 
0807  sard,  Dry 
0811  Sand,  Ory 
0901  * 

0923  * 

0967  Slit,  Moist 
1041  Slit,  Moist,  10  1 

1122  Clay,  Moist 
1233  Clay,  Moist 
1304  Sand,  Dry 
1328  ** 

1344  Sand,  Moist 
1404  Sand,  Moist 

“57M  Clay,  "Wot - 

0830  Clay,  Wit 
0858  Silt,  Wet 
0924  Silt,  Wet 
095s  sand,  Moist 
1023  Sand,  Moist 
1057  Silt,  Sand,  Dry, : 
1120  Silt,  Sand,  Ory 
1241  511a,  Sand,  Dry 
1308  5 1 1 1 ,  Wet 
1339  5111,  Wet 
1418  wet 
1442  Clay.  Wet 


310  9 

320  9 

300  8 

Calm  lo 

Calm  10 


210  10 
260  11 
280  11 
2BQ  II 
290  11 

270  11 

280  10 
270  10 

270  11 

270  10 

cats  nr 

Cain  16 
Calm  ID 
Calm  16 
200  18 
170  18 

190  IB 
lbO  21 
100  22 
210  19 

170  16 

160  16 
180  _  16 
EalnF  ~Tf 
120  16 
170  15 

180  15 

170  16 

170  17 

190  18 

160  18 
160  IB 
160  17 

200  18 
170  IB 
Calm  19 


NOTE)  All  charges  6  lb  (2,27  kg)  unless 
otherwise  noted,  Dimensions 
3-1/4  »  3-1/8  x  12  'l  {6,25  x 
7.94  x  30.5  cm).  A' 1  detonation 
ST  unless  noted, 


Heavy  heat  and  fog 
Fog  dissipating 


4,64  kgi  9,5  x  14  x  30  cm 


0.11  m  to  top  of  chargei  0,15  m  to  CS 


•Kaol  In  on  Clay,  Sand,  Dry 
‘•kaolin  on  Clay,  Sand,  Moist 


4-21-00  1126 


4-22-UO  Sunset  - 
4-21-BO  Sunrise 


SPECIAL  ATMOSPHERIC  TESTS 


Vehicular  dust  transmission  measurement  by  NRl. 
Natural  environment  monitoring  by  ASL,  NVL,  and  CSl. 
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FIGURE  2.  DETAILED  LAYOUT  OF  INSTRUMENTATION  LOCATIONS  FOR  DIRT- III. 
Iree  locations  and  forest  boundary  are  estimated. 
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LEGEND  FOR  FIGURE  2 


Legend 


Coordl nates 
(m) 


Remarks 


1.  NVL  95-GHz  radar 

2.  NRL  filter  transml ssometer 

3.  WES  Instrumentation  trailer 

4.  ASL  Instrumentation  van  (digital 

Imagery  system,  38-  and  60-GHz 
experiment,  particulate  data 
processing  equipment  and  laboratory 

5.  TACS  M1Q9  van 

6.  T-9  mount  with  Knollenberg  sensors 

7.  32-m  meteorological  tower 

8.  Acoustic  sounder 

9.  Forward  scatter  meter 

10.  60-kW  power  generator 

11.  ASL  shop  van 

12.  AWS  observation  location 

13.  WES  van 

14.  (5MD  and  balloon  release  area 

15.  Division  artillery  Metro  Section 

16.  Latrine 

17.  Scintll lometer  receiver 

18.  Scintll loneter  transmitter 

19.  WES  concrete  building 

20.  NVL  corner  reflector 

21.  NVL  corner  reflector 

22.  NVL  corner  reflector 

23.  NVL  corner  reflector 

24.  2-m  meteorological  tower 

25.  Optical  target 

26.  Optical  target 
26a.  Optical  target 
26b.  Optical  target 

27.  Optical  target 

28.  Optical  target 

29.  4-m  meteorological  tower 

30.  Power  generator 

31.  NRL  transmitter  (searchlight) 

32.  2-ton  van  (NRL  cavity) 

33.  CSU  tethered  balloon 

34.  Digital  Imagery  system 

35.  Power  generator 

36.  CSU  van 

37.  CSU  trailer 

38.  20-m  meteorological  tower 

♦Rain  gauge 
♦Radiometer 


-574.24 

25.62 

-572.71 

20.00 

-572.87 

15.18 

-572.76 

6.76 

-564.58 

0.95 

-560.31 

-11.61 

-523.  33 

-5.9 

-521.35 

7.41 

-550.0 

-50.0 

Estimate 

-546.21 

-94.85 

■517.15 

-118.92 

-520.5 

0.72 

-273.86 

13.22 

-17.08 

96.56 

-39.86 

20.76 

148.27 

18.66 

200.18 

17.58 

244.87 

16.56 

82.99 

-33.81 

39.1 

49.89 

Faces  south 

39.31 

-12.34 

Faces  south 

40. 38 

-11.21 

Faces  east 

-0.48 

-11.26 

Faces  east 

100.67 

-10.10 

Faces  east 

141.42 

-9.96 

Faces  east 

252.61' 

-23.39 

296.95 

20.47 

290.31 

28.27 

-12.04 

420.36 

425.0 

0.0 

Estimate 

538.19 

5.88 

No  number  on  layout 

551.46 

5.57 

No  number  on  layout 
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— —  HANDY CLAY  ,  Tfem  DEPTH 

-  -  -  -  HANDY  HILT ,  81KPACK 

—  - HILT 

•  •  •  •  HAND 

•  Hi  CLAY 

A  AAA  kaolin 


rV.  *•***. 

\  \\ 

\\\  V 


\  r* 

\\ 

\  \ 


COBBLES 


GRAIN  SIZE  MILLIMETERS 

GRAVEL  r~  SAND  T“ 


BUT  OR  CLAY 


FIGURE  S.  SOIL  TYPES  ENCOUNTERED  OR  TAILORED  DURINQ  THE  UlM-IH  PROJECT) 

(1)  Natural  turfaca,  dirk  brow  »«ndy  illti  (!)  natural  *ol  1  >  TO  cm  dttp, 
dal th  undy  elayi  (3)  kaolin,  tallorud  ioU  ta«t|  (4)  und  tallorad  toll  taiti 
(5)  clay,  tallorad  toll  taati  (6)  allt,  tallorad  aoll  tut. 


80  ■ 

)  TEST  E  1 
)  8T 

60  \\  ON  AXIS 


40  Hi 


- O.OBum 

-  10.37um 


TIME  •  SECONDS 


FIQURL  6.  TRANSMITTANCE  MEASURED  AFTER  THE  DETONATION  OF  AN  ST  SUVIET  152-itm  PROJECTILE  ON  AXIS 
Dlffarentlal  tranamlialon  li  nagllglbl*  and  wai  dominant  on  moat  ST  tatti, 


UNCLASSIFIED 


TRANSMITTANCE  TRANSMITTANCE 


UNCLASSIFIED 


TIME  •  SECONDS 


flaunt  THE  TRANSMITTANCE  MEASURED  THROUOH  A  DUST  CLOUD  PRODUCED  BY 
A  ion. dill  PRODUCT  I LE  TANGENT  TO  THE  SURFACE  ON  AXIS, 

Not*  that  th*  vlilbli  intrjy  1i  attanuatid  imr*  than  tho  n*ar  Dr  fir  Infmrid. 


FIGURE  a,  THAN5MI TTANCE  THROUGH  DU5T  CLOUD  RROOUCED  BY  A  BURIED  ISB-nin  PROJECTILE  ON  AXIS. 
Not*  thit  tht  fir  Infrartd  It  ittinuitid  mori  thin  vlilbli  or  ntar  )nfrar»d. 

ThU  phtngnwncn  lirmd  to  occur  mat  friquintly,  hut  not  alttayi.  In  burl*d  roundi. 
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TRANSMITTANCE  TRANSMITTANCE 


UNCLASSIFIED 


5  10  16  20 

TIME  •  SECONDS 

AN5MlnANCI:  imutlll  IMS?  CLOUD  Of  WIST  CLAY  PART ICLf 5  USLD  FOR  TAILORED  SOILS, 
ir*  l|  1 Ittli  or  no  wavilnnyth  dvpindinc*  for  thl »  or  Dry  oily  lollt. 


TIME  •  SECONDS 

IlijUHl.  10.  lUAHSMirUNU  MlHDUUM  tXISt  r.l  tXH}  'V  MD1ST  SAND. 

WiVVltnyth  tlupiWiloiK'J  lv  uhsitrvtt'l  on  this  and  dry  sitrvl  t  os  tv  iiwrtf  th.\n  Uirojyli  tUy  or 
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BACKSCATTER  -  DBSM 
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SAND 


SILT 


•  CLAY 


DRY  MOIST  WET 

SOIL  MOISTURE 

FIGURE  13.  PEAK  VALUE  OK  9S  GHz  DACKSCATTEK  KOR  TAILORED  SOILS,  DIRT-1 1  IB ,  ON  AXIS  TESTS  ONLY. 
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ESTIMATION  OF  PRECISION  OF  SMOKE/OBSCURANT 
MEASUREMENTS  AND  PRODUCT  VARIABILITY 


lumen  I1' .  o'Bryon 

Army  Materiel  Systems  Analysis  Aetivltv 
(Smoke  Aerosol  Working  Group) 

Aberdeen  Proving  Ground,  MD 

ABSTRACT 

An  understanding  of  the  precision  of  measurement  (or  improciaion  of  measurement)  of  various 
•parameters  measured  during  umoke/obaeurantu  tasting  ia  of  paramount  importance!  Apparent  diaagreemont 
in  roaulta  between  testa  of  like  munitions  under  like  conlltlons  can  be  attributable  to  u  number  of 
factors,  not  the  leant  of  which  ia  the  menaurament  error  of  the  various  pieces  of  instrumentntion  being 
uaed.  A  etatiaticsl  technique  and  computer  model  are  presented  which  allow  for  the  eat  Lmaticn  of 
measurement  error  when  simultaneous  measurements  of  successive  occurrences  of  the  Bame  phenomena  are 
made  by  two  or  more  instruments.  Tho  technique  also  provides  an  estimate  of  the  real  product  vnri- 
‘abiilty.  Outlier  techniques  and  significance  tests  are  also  Incorporated  to  cndahle  the  user  to  apply 
the  methodology  under  a  number  of  teating  situtations. 


1.  INTRODUCTION 

Smoke/Obscurant  testing  is  "nonreplicutable" .  Obscurants  are  destructively  tested  and  cannot  gen¬ 
erally  be  retrieved  for  supplementary  analyses.  Hence,  one  muBt  rely  on  whatever  data  can  be  obtained 
in  real  tlmu  (  and  subsequent  analysis)  to  determine  cloud  size,  transport,  transmission  through  it 
and  other  parameters. 


More  and  more  Instruments  are  being  manufactured  which  can  measure  a  wide  range  of  obscurant 
characteristics  using  a  variety  of  physical  techniques.  With  this  comes  tho  promise  of  obtaining  esti¬ 
mates  of  how  well  the  instrumentu  thomsolvas  are  behaving  in  regard  to  their  blaB  errors  and  random 
imprecision. 


The  methodology  presented  here  was  originally  developed  for  use  In  estimating  the  precision  of 
measurement  of  veloclmeters  used  to  measure  muzzle  velocities  of  artillery  shills  and  is  contained  in 
Reference  1.  The  same  methodology  can  be  applied  to  smoka/aeroiol  measurements ,  provided  the  test  pro¬ 
cedures  described  herein  are  applied. 


When  one  is  taking  measurements  with  the  same  instrument  of  successive  occurences  of  the  same 
phenomena,  one  can  then  compute  the  variance  and  mean  of  the  sample.  If  the  measuring  instrument  has 
some  sort  of  measurement  error,  this  error  becomes  part  and  parcel  of  the  sample's  statistics  unless 
one  can  Bomehow  "strip  out"  thlB  error  from  the  real  variability  (product  variability)  and  real  mean 
of  the  phenomena  being  measured.  This  task  is  complicated  further  If  the  phenomena  are  non-r  plica- 
table,  as  is  the  case  with  destructive  testing. 
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When,  however,  two  or  more  instruments  independently  nnd  simultaneously  measure  successive  occur¬ 
rences,  it  is  possible  to  estimate  both  the  true  product  variability  and  the  precision  (nr  imprecision) 
of  measurement  of  each  instrument  used.  These  methods  have  been  published  by  Grubbs. 

These  methods  were  later  expanded  to  the  case  where  one  wishes  to  determine  whether  a  given 

3 

measuring  instrument  is  operating  as  consistently  as  two  other  known  instruments.  The  nomenclature 
in  this  report  is  consistent  with  that  found  in  the  referenced  reports, 

A  minimum  of  two  instruments  simultaneously  measuring  is  needed.  If  three  or  more  Instruments  are 
used,  estimates  of  measurement  can  be  made  which  are  totally  free  of  the  variability  of  the  phenomena 
observed.  This  results  in  more  direct  comparison  of  the  errors  of'  measurement  of  each  instrument.  The 
procedures  discussed  here  involve  I 

(1)  The  estimation  of  the  precision  of  meanurement, 

(2)  Estimation  of  product  variability  and, 

(3)  Significance  testa  for  comparing  the  precisions  of  measurement  of  N  instruments 

(2  <N  <10)  and  determining  whether  a  given  Instrument  has  a  bias  which  is  so  large 
compared  to  that  of  the  other  measuring  devices  that  the  instrument  needs  calibration. 

2.  STATISTICAL  OVERVIEW 

A.  Statistical  Assumptions 

The  following  statistical  overview  is  reproduced  from  References  2  and  3  to  enable  the  computer 
program  user  to  understand  the  functioning  of  the  program.  References  are  made  in  the  examples  to 
equations  discussed  here,  For  a  comprehensive  understanding  of  the  statistical  basis  for  the  program, 
'he  reader  is  encouraged  to  study  the  referenced  publications. 

We  shall  first  define  some  basic  terminology.  Below  we  see  tubulated  pairs  of  data  pointB 
measured  simultaneously  by  two  instruments,  and  Ij, 


^O'Bryon,  J.  R.,  "Estimation  of  Precision  of  Measurement  and  Product  Variability!  A  Computer  Model," 
ARBRLMR  No.  2778,  Aug.  1977. 

2 

Grubbs,  F.  E.  ,  "On  Estimating  Precision  of  Measuring  Instrument!  ad  Product  Variability,"  Journal  of 
the  American  Statistical  Association,  Vol.  43,  r  243-264,  June  is  ll 

3  i 

Grubbs,  F.  E. ,  and  O'Bryan,  J.  P, ,  "The  Statistical  Comoarison  of  Measuring  Instrumentation,",  BR1, 

ARDC  Technical  Report  No.  11  (AD  732  428),  July  1971. 
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Measurement!!  by  1^ 


Xi  *  eil 

xn  *  enl 

where  -  the  true  value  of  the  characteristic  considered,  where  1  represents  the  1th  Item  In  the 
sample, 

e^»  the  error  in  measurement  of  the  ith  Item  by  the  Jth  instrument,  Ij. 

It  1b  assumed  that  both  the  characteristic  being  measured  and  the  errors  of  measurement  are  norm¬ 
ally  distributed  and  that  the  absolute  values  of  the  characteristic  measured  and  the  errors  of  measure¬ 
ment  are  statistically  independent,  i.e. , 

BC*^  .  e^)  -  ECXjP)  .  E(#lj<l). 

In  addition,  it  is  assumed  that  the  error  of  measurement  of  the  different  instruments  are  statis¬ 
tically  Independent  of  each  other,  i.e., 

E(*ijP  ’  e!kq)  *  E(eyP>  '  E(e£kq)  J  *  k  • 

It  Is  .-iso  assumed  that  the  errorj  of  measurement  ure  significantly  smaller  than  the  real  value  of 
the  characteristic  being  measured. 

B.  General  Case;  Estimation  of  Precision  of  Measurement  and  Product  Variability; 

The  basic  way  in  which  the  computer  progiam  is  used  is  in  estimating  the  precision  of  measurement 
and  product  variability  given  observations  from  2  to  10  instruments  simultaneously. 

Since  the  statistical  treatment  Is  somewhat  different  for  the  two  Instrument  case,  thiu  statis¬ 
tical  summary  ‘s  presented  in  two  parts. 


Measurements  by  I, 


X1  +  ell 


Xi  +  ei2 


xn  *  en2 
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(1)  Two  Instrument  Case.  For  this  case,  there  are  two  methods  for  estimating  precision  of 


measurement . 


We  take  as  an  estimate  of  the  variance  In  errors  of  measurmant'B  of  instruments  T], 

est.  (a  ,2>  »  S2  ,  -  S  ,  -  (1) 

'  el  ;  x*el  x»el ,  x*e2 

where  Sx+el,x*e2  ’  tvT  |^xi  *  *11^  *  4  ei |  ^xi  *  ®ij)  -  (*  ♦  «2)j 

1  i  n 

*  ?nrrTT  j  n  lml  (*i  *  <*2i  *  ei2> 

-  \lx  (xi  4  eu”  *  ei2)iJ 

and  as  an  estimate  of  the  variance  in  errors  of  of  measurement  of  instrument  I2,  we  comoute 

est.  (ae2  )  *  S  x+eJ  -  Sx<,el>x+e2 

and  E£se;2)  *  °el2 

‘  °e22 

where  the  estimates  of  the  covariances 


E<SX.,i)  *  E^Sx,e2^  *  E^®e],e2^  "  0  under  the  assumptions. 

It  is  remarked  in  passing  that  a  technique  of  working  with  differences  in  corresponding  measure¬ 
ment.  of  the  two  instruments  is  of  some  interest.  That  is,  if  the  measurements  of  I2  are  subtracted 
from  corresponding  measurements  of  I^(  the  result  gives 


UNCLASSIFIED 

thus  eliminating  the  true  value  of  ,  the  characteriatlc  measured.  Using  the  above  differences ,  an 
2 

estimate  of  ie  given  by 

e.t.  (*./)  .  *  {S2^  -  S2xt<2  *  S2#1.#2}  .  (3) 

It  i«  easy  to  see  that  estimate  (3)  is  hence  precisely  that  given  by  (1). 

S*l  *  Sx,el  *  Sx,e2  Sel,o2 

In  order  to  estimate  the  amount  of  variability  in  the  product  being  measured,  ve  may  first  add 
corresponding  measurements  of  the  two  instruments .  obtaining 

xj  *  eu  ♦  ♦  e12 

xi  *  *11  *  *i  *  *12 

xn  *  *nl  *  xn  *  en2 

The  variance  of  the  above  sums  of  readings  is 

4S*  4  Sel  *  Se2  4  4Sx,el  *  4S*.e2  4  2S.l,e2 

o 

An  •stlouitt  of  the  variability  in  tha  product,  <?x  ,  Is  thsn  givan  by 

eat.  Co2)  -  j  |S2xtgl+x+#2  -  S (4) 

2 

The  estimate  of  <?x  Is  given  by  the  covariance  of  the  readings  of  1^  and 

est.  (o2)  ■  > x+eJ  (4a) 

(Equation  4  and  4a  are  identical) . 

Estimate  (4)  or  (4a)  is  unbiased  and  can  be  shown  to  be  the  maximum  likelihood  estimate. 

2  2  2 

The  variance  of  the  estimate,  eat.  (o#1)  or  sat.  (o  #2) ,  depends  on  (A)  c x,  the  variance  in  the 

2  2 
characteristic  measured,  (B)o  j,  the  variance  of  the  errors  of  measurement  of  Instrument  (C)  ae2 

the  variance  of  errors  of  maasursmrnt  of  lnstrumsnt  t2  end  (D)  n,  the  number  of  observations  or  the 

7 

sample  size.  Therefore,  in  order  to  obtain  e  praclee  estimate  of  o#1  when  using  only  two  instruments, 

2 

the  variation  in  the  characteristic  measured,  la.,  ox>  should  be  held  to  a  reasonable  minimum  or  the 
sample  site,  n,  should  be  sufficiently  large. 
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Sometimes, the  estimated  variance  in  error#  of  measurement  may  turn  out  to  be  negative.  Thte  may 
he  due  to  small  sample  size,  bad  observations,  errors  in  recording,  outlying  observations,  etc.  Since 
it  is  physically  impossible  tor  a  true  variance  in  errors  of  measurement  to  be  negative,  one  suggestion 
is  to  add  the  absolute  value  of  the  negative  variance  to  the  estimated  variance  in  error  lor  the  other 
instrument  for  an  overall  estimate  of  instrument  error.  The  computer  program  prints  negative  aa  well 
as  positive  variances  and  stores  these  values  to  compute  pooled  estimates  of  variance  in  precision 
error  for  each  instrument  if  multiple  esses  are  input  back-to-back  using  the  same  instruments.  Howevem, 
to  avoid  negative  square  roots,  the  program  lists  d,  ■  0  when  taking  the  square  root  of  a  negative  vari¬ 
ance.  See  References  2,  3,  and  S  for  further  information  on  the  treatment  of  negative  estimates  of 
variance.  • 


If  the  variation  in  the  characteristic  measured  is  aero  (or  if  we  measure  the  same  item  over  and 
over  again)  l.e.,  if  •  0,  than  one  could  compute 


1 

n-1 


n 

J, 


Ce 


a 


(4b) 


directly,  and  this  would  give  an  estimate  of  with  variance  equal  to 


/ 


2  4 

:rr°ei 


(4c) 


Apparently,  ^Ln  employing  two  instruments,  there  are  only  two  computational  procedures  of  interest 

I 

for  separating  th(f  variability  in  the  product  from  the  variance  in  the  errors  of  measurement,  and  both 

1  2 
methods  give  the  c^ame  estimate.  In  using  either  method,  however,  it  is  possible  to  estimate  o^, 

2  2  1 

o#2<  ®n4  dj,  thus  determine  from  the  relative  order  of  magnitude  of  these  quantities  whether  the 

instruments  are  sufficiently  precise  to  be  used  in  taking  the  required  measurements, 


A 

(2)  Three  or  Mote  Instrument  Caso  10).  Since  the  nomenclature  has  been  established  in 

the  two  instruments,  this  description  of  the  NO  case  will  be  limited  to  the  baBic  equations  solved 
hy  computer  program.  As  was  stated  earlier,  using  three  or  more  instruments  permits  precision  of 
measurement  estimates  totally  free  of  the  product  variability  itself. 


■’Thomson,  W.  A.,  Jr.,  "The  Problem  of  Negative  Estimates  of  Variance  Components,  "  Annals  of 
Mathematical  StutistlcB!  Vol,  33,  pp  273-288,  1964, 
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The  following  equation  Is  used  to  estimate  precision  of  measurement  of  Instrument  1^  ( 2  <_  1  <_ 


50 


data  points) 


est.  (o“)  =  S2  -  f  S 

el  x+cl  N-t  1  ^  x*et, 


k=N 


(5) 


*  'nriTW'ry  '2[J<I(  sx**j,**ek 


Estimates  of  all  other  instruments  can  be  made  by  obvious  rotations  of  the  subscripts.  The  real  pro¬ 
duct  variability  (stripped  of  measurement  error)  Is  estimated 


»»N 


Mt  (a x5  ■  TO  Jr<i  ®x+er ,x+es 


(6) 


Sample  problems  and  complete  computer  listing  in  FORTRAN  IV  are  contained  in  Reference  1. 

3.  SUMMARY 

The  methodology  presented  is  effective  provided  that  the  smoke/obscurent  data  are  collected  in 
such  a  way  that  spatial  (both  tima  and  distance)  errors  are  minimized  and  multiple  instruments  ere  used. 
Test  instrumentation  configurations  should  permit  lines  of  Bight  which  are  as  coincidental  as  possible 
to  allow  measurement  of  tha  some  phenomena  simultaneously. 


Data  collection  using  such  ^procedure  will  allow  for  the  performance  evaluation  of  various  typeB 
of  instrumentation  and  allow  the  smoke /obscurant  modelers  and  devslopers  to  determine  the  confidence 
bounds  of  their  observations. 


*N  is  limited  to  10  and  n  to  50  only  because  of  the  dimensions  of  the  program's  storage.  The  equations, 
of  course,  are  valid  for  any  N  >3,  n  >2. 
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A  DATA  REDUCTION  TECHNIQUE 
FrtW  FIELD  DATA 


Marvin  II.  Smith,  Keith  .Jones  and  P.  Kittikul 
Division  of  Engineering,  Technology  and  Architecture 

Oklahoma  State  University 
Stillwater,  OK  74078 


ABSTRACT 

Prior  to  analyzing  data  from  field  tests  such  ns  Smoke  Week  1  and  II  the  information  must  be 
put  into  perspective.  A  technique  has  been  developed  to  assist  in  this  effort.  Due  to  the  spatiul 
separation  of  instrument  lines  of  sight  the  relationship  betwoon  variables  such  as  concontration- 
length  and  transmittance  cannot  bo  made  witli  respoct  to  the  common  time  base  that  is  published  in  the 
reports.  A  technique  is  prosotitcd  to  determine  which  values  of  transmittance  and  concentration- 
length  should  correspond  by  shifting  the  data  in  time.  Two  assumptions  are  made,  frozen  flow  occurs 
between  lines  of  sight  and  data  scatter  Is  minimized  at  the  correct  time  shift.  Coefficients  for  a 
model  relating  the  logarithm  of  the  transmittance  and  concentration- length  (CL)  is  determined  by  a 
regression  analysis.  An  optimization  program  is  used  to  control  the  regression  program  and  determine 
the  time  shift  values  used  to  arrive  ut  the  ndniwum  value  for  the  error  term. 

The  technique  wus  tested  using  laboratory  data  which  was  artificially  offset,  The  optimum 
time  shift  for  this  data  would  bo  expected  to  be  zero.  Program  results  showed  optimum  time  for  two 
white  phosphorus  tests  to  be  .004  soconds  and  .003  for  two  IE  tests.  The  error  ten®  for  the  tests 
were  ,042,  .173,  .996,  and  .082  respectively.  These  values  represent  the  sum  of  the  woighted  errors 
for  each  time. 

This  technique  was  used  on  Inventory  Smoko  Munitions  Tests,  Smoko  Week  I  and  Smoke  Week  II 
tests.  Time  shifts  concurred  with  the  relative  spatial  separations  of  the  various  lines  of  sight. 
Significance  of  these  modifications  to  the  published  data  are  realized  when  it  is  seen  that  CL  data 
changes  by  a  factor  of  100,  in  some  cases,  over  the  span  of  a  designated  time  shift. 


1.  INTRODUCTION 

Essentially  all  smoke  obscuration  test  data  taken  to  date  follows  the  general  methodology 
outlined  In  reference  (1),  flic  Instrumentation  and  mode  of  reporting  are  similar  in  each  case  too, 
This  paper  Involves  data  from  Inventor)'  Smoke  Munition  tests,  Smoke  Week  I  and  Smoke  Week  II  tests 
(2-4).  Data  from  these  tests  require  adjustments  to  account  for  differences  In  sample  time  among  the 
various  instruments.  After  this  is  taken  into  account  the  data  cun  he  analyzed, 

Instrumentation  interference  requires  a  certain  distance  to  be  maintained  between  adjacent 
instruments  throughout  the  lines  of  sight  for  each  measuring  device.  Because  of  this  physical 
separation,  the  relationships  between  the  measured  values  from  each  instrument  do  not  correspond  with 
the  some  mass  of  smoke  for  a  given  time.  Therefore  it  is  not  valid  to  reluto,  for  example,  transmit - 
tuiice  at  time  t  with  concentration- path  length  at  the  same  time.  If  smoke  is  blowing  across  the  line 
of  sight  for  concentration  measurements  ;md  towards  the  line  of  sight  for  visual  trunsmlttunce  meas¬ 
urements,  then  the  concentration  path  length  at  time  t  would  correspond  to  the  transmittance  at  time 
t  +  At.  The  value  for  At  is  dependent  on  the  rate  of  smoko  propagation  and  the  distance  between 
lines  of  sight.  An  estimate  for  At  ciui  be  obtained  by  dividing  the  average  distance  between 
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the  lines  of  sight  in  question  by  the  average  wind  velocity,  This  is  tantamount  to  assuming  steady 
laminar  flow  with  smoke  propagation  at  the  same  speed  us  the  wind  velocity.  Since  the  flow  is 
unsteady  and  turbulent,  the  approximation  could  be  improved  upon  by  relying  on  the  behavior  of  the 
data  as  outlined  in  the  next  section. 

2.  CORRELATION  TECHNIQUE 

The  Beer-Lambert  Law  suggests  that  a  straight  lino  relation  should  result  if  -In  T  is 
plotted  against  the  concentration-path  length  (CL) .  When  this  occurs  it  is  expected  that  u  good 
correlation  e'xists  for  that  set  of  data.  As  was  noted  previously  (S),  the  data  in  many  cases 
develops  a  loop  rather  than  a  straight  line.  It  was  shown  that  this  loop  was  a  result  of  the  dif¬ 
ferences  in  sampling  time  between  T  and  Cl  data.  Also  shown  was  the  fact  that  a  linear  relation  docs 
not  exist  botwoen  -In  T  and  Cl  oven  after  a  correction  for  sampling  timo  is  made.  This  implios  a  non- 
constant  extinction  coefficient  or  a  constant  influence  on  transmittance  from  some  undoflnod  source, 
this  source  could  be  a  function  of  Cl,  relative  humidity,  velocity  or  other  similar  parameters. 

Taking  this  information  into  account,  :tt  was  determined  that  an  extension  to  the  Beer- Lambert  Law 
would  be  utilized  for  correlation  purposes. 

The  basic  premise  for  correlation  Is  that  a  minimum  amount  of  scatter  would  exist  for  the 
correlation  model  when  the  proper  shift  in  sumpling  time  wax  found.  This  shift  in  the  sampling  time 
should  bo  relatively  close  to  the  value  obtuined  by  dividing  tho  average  distance  separating  the  lines 
of  sight  of  the  Instruments  hy  the  average  wind  velocity  vector  which  is  perpendicular  to  the  lines 
of  sight.  A  regression  analysis  Is  used  to  determine  the  coefficients  for  the  model. 

Once  a  model  Is  determined,  the  following  procedure  is  used  to  determine  the  shift  in 
sampling  Hmr  nnd-obtal.n  the  final  set  of  coefficients  for  u  given  trial  and  a  given  wavelength, 
figure  1  shows  the  flow  diagram  which  is  followed. 

Each  trial  has  transmittance  data  for  four  different  wavelengths,  visual,  I.Ob  um,  S.-14  imi 
and  9,75  um  versus  time.  Also, Cl  data  is  available  as  a  function  of  the  some  time  Intervals.  These 
data  arc  inputs  to  the  program.  An  optimization  program,  Golden  Search  (0),  Is  used  to  select  the 
time  shift  applied  to  the  transmittance  data.  'Hie  optimization  parameter  is  the  error  value  generated 
in  the  MARQ  program  (7)  which  Is  a  non-linear  least  squares  solution  technique  for  determining  the 
coefficients  for  the  model,  Ihe  Golden  Search  program  Is  the  executive  program  which  guides  the 
selection  uf  time  shift  values  to  modify  the  correspondence  between  transmittance  ami  Cl  values  which 
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will  enable  the  minimum  error  value  to  ho  found.  An  interpolation  routine  is  used  to  change  the  time 
base  for  transmittance  data  according  to  the  time  shift  selected  by  Golden  &urch.  These  sets  of 
transmittance  anil  (11  values  are  input  to  the  MARQ  program  and  a  set  of  coefficients  and  an  error  value 

is  found .  Two  other  indications  of  errors  are  also  calculated  but  not  used  in  the  optimization 
analysis.  When  the  search  "time  envelope"  gets  sufficiently  small,  then  the  last  value  calculated  Ls 
defined  as  the  minimum  error  value. 


HGItUli  I.  ANALYSIS  Hilly  DIAGRAM. 
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3.  MAH  IEMATI CAI,  M01)F,t,S 


Several  models  were  attempted  to  relate  transmittance  to  Cl.  Some  were  chosen  because  of 
their  simplicity  and  others  were  based  on  models  that  would  satisfy  certain  characteristics  that  were 
observed  in  the  data.  The  initial  model  that  was  used  was  a  simple  third  order  polynomial. 

-In  (T)  -  X(l)  +  X(2)  Cl  *  XC3)  Cl2  +  X(4)  Cl3 
This  model  would  reduce  to  the  Beer- Lambert  Law  if  the  values  for  X(l),  X(3)  and  X(4)  were  t0  g0  t0  zero> 
Characteristics  of  the  model  were  that  it  was  underdamped  and  it  tended  to  overshoot  the  data.  This 
model  was  abandoned. 

A  second  model  was  a  power  model  of  the  form 
-In  (T)  ■  X(l)  +  X(2)  (Cl  -  X(3))Xt4) 

which  was  chosen  to  allow  the  log  of  transmittance  to  approach  an  asymptotic  value.  Results  of  this 
model  woro  not  good  because  of  the  pole  that  developed, 

Another  model  which  Ls  an  extension  of  the  Beor-Lambert  Law  was  of  the  form 
T  *  X(3)  +  X(2)  e  'XW  C1 

Tills  showed  promise  for  the  data  which  had  a  low  asymptotic  value  for  transmittance  and  significant 
datu  points  near  Cl  equal  to  zero.  Otherwise  the  curve  would  not  approach  T  equal  to  one  and  there¬ 
fore  would  not  represent  the  data  well.  The  X  P)  term  would  allow  the  curvature  on  a  semilog  plot  to 
be  fit.  A  modification  to  this  model  was  made  to  try  to  circumvent  this  problem.  The  new  form 
was  to  tukc  Into  account  the  two  limits:  at  Cl  equal  to  zero  the  transmittance  would  be  one  and 
at  large  values  of  Cl  the  transmittance  would  approach  an  asymptotic  value.  This  form  is 


K&Ser  *  •  ,:i 


and  it  resulted  in  the  best  fit  of  all  the  modeljj.  The  problem  with  some  dutu  was  that  the  term  X  (3) 
would  go  negative.  This  would  cause  a  discontinuity  In  the  middle  of  the  datu.  liven  for  the  data  where 
the  discontinuity  occurred,  the  model  In  general  t'Lt  well.  Since  the  discontinuity  ls  unacceptable, 
another  model  was  formulated. 

The  model  used  in  this  report  Is  i  modification  to  the  previous  two  models  and  satisfies 
the  two  end  points.  It  is 

T  -  X(’)  +  (1-XfJl)  e  'Xfl-  Cl 
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where  the  X  g)  values  cancel  when  Cl  is  zero  and  the  second  term  goes  to  zero  for  large  values  of  Cl. 
Also,  the  extinction  coefficient  remains  constant  as  in  the  leer- Lambert  law,  Quite  recently  W.  Michael 

Fanner  of  the  University  of  Tennessee  Sfcace  Institute  did  work  which  indicates  that  the  extinction 
coefficient  is  not  constant  but  a  function  of  time.  At  this  time,  it  is  difficult  to  determine  whether 
the  extinction  coefficient  is  time  dependent,  or  whether  transmission  varies  with  respect  to  influences 
other  than  a  changing  extinction  coefficient. 

The  error  value  that  is  used  to  optimize  the  regression  analysis  is  defined  as 

*  ■  S  (Tmi  -  Tpi)2 

57 


where 

Tm  »  measured  transmittance  data 
Tp  ■  predicted  transmittance  values 
a  ■  error  weighting  factor. 

The  term  0  can  bo  chosen  as  a  constant  or  a  function.  For  this  work  0  was  defined  as 

•l  *  Tmi 

which  allows  a  larger  error  for  the  larger  values  of  Cl. 

Another  guide  to  determining  the  degree  of  correlation  in  this  model  is  the  correlation 

coefficient  defined  as  @) i 


r  ■  N  l  XY  -  IX  CY _ _ 

(N  2  X*  -  (EX)*  )*s  "(N  I  Y*  -  (tW* 


where 

X  ■  Tm 

Y  -  Tp 

N  ■  Number  of  data  points 

When  r  equals  one  the  correlation  is  perfect  and  when  r  equals  zero  no  correlation  exists.  It  should 
bo  pointed  out  that  the  correlation  coefficient  does  not  relato  to  the  amount  of  scatter  in  the  data  as 
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does  the  error  value,  hut  it  shows  whether  the  correct  model  was  chosen. 

A  terra  cli  lined  ns  the  fit  factor  was  used  to  see  how  well  the  model  followed  a  <|it;is  1‘cent  mid 
of  the  data.  This  is  expressed  as 


N 

I*  ”  1  E  a, 

fT-T  i-2  1 


where  r 

[l,  S 

ui  “1 
lo,  s 

< 


Sgn  (Brror^l  xft  Sgn  (Error.|) 
Sgn  (Error ^.-j)  »  Sgn  (Error 


-  Expectation  Value. 

for  this  case  the  expectation  value  was  assigned  a  value  of  0.5, which  means  that  it  Is  expected  that 
there  are  us  many  points  above  the  curve  ns  below  it.  If  E  Is  one,  thou  the  expectation  was  ful¬ 
filled. 


4.  REGRESSION  ANALYSIS  RESULTS 

Several  runs  were  made  on  the  computer  to  check  the  models  and  tho  analysis  technique. 

Figure  2  shows  the  result:,  of  the  curve  fit  for  data  obtained  by  Ntuohlng  (91  In  a  smoke  chamber,  'Ihe 
transmittance  was  artificially  shifted  2  seconds  and  model  number  5  was  used  (in  conjunction  with 
tho  regression  analysis  and  the  golden  aeurclQ  to  select  the  final  time  shift.  In  this  run,  the  data 
was  shifted  back  to  time  equal  to  zero,  us  it  should  be, and  tho  model  correlation  was  excellent.  The 
error  value  ^  was  (1.043.  The  operational  aspects  of  the  program  being  accepted  as  valid,  other 
trials  of  interest  \  re  run. 

Tublo  I  lists  tho  runs  that  wore  made  using  model  5  and  results  of  tho  program  such  as  the  time 
shift,  the  error  terms  and  the  values  for  the  coefficients,  ’these  data  were  separated  in  groups 
of  umixmltlon  types  including  WE,  HO  and  Wicks  and  Wedges  of  both  RE  and  Wl’, 

It  Is  well  established  that  the  extinction  coefficient  (91  Is  a  function  of  wavelength  and 
relative  humidity,  'ihe  coefficient  X ( l }  is  the  extinction  coefficient  for  the  model  used  in  this 
analysis.  It  has  the  dimensions  of  nr /mg.  According  to  the  model  used,  X(2)  must  he  dimensionless. 
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Effectively,  this  cuelTlv lent  represents  t ho  minimum  transmittance  attained  for  a  given  run. 

I.x.uitplc.s  of  'not  results  are  seen  in  figures  3  ami  4.  Figure  3  is  representative  of  W‘  trials 
and  the  variation  in  the  characteristics  of  the  curves  for  wavelengths  in  the  visual,  1.06  ym,  3,44  ym 
and  9.75  ym  ranges.  As  seen  in  the  figure, a  considerable  amount  of  scatter  exists.  Even  so,  the  cor¬ 
relation  of  this  data  was  relatively  orderly.  In  Figure  4,  the  data  for  HC  is  more  orderly  but, 

ironically,  the  correlation  with  velocity  and  relative  humidity  data  was  not  as  good  as  for  the  kP  data.  * 
A  plot  cf  the  coefficients  versus  wavelength  for  HP  smoke  is  shown  in  Figure  E.  Presentation 
of  the  data  was  improved  by  plotting  the  logarithms  of  the  coefficients.  As  seen  in  the  figu.e,a  trend, 
varying  in  magnitude,  is  followed  by  each  set  of  data.  SWII-T-15  datahave  an  anomaly  in  the  X  (1)  * 

data  at  the  1  06  ym  wavelenght.  By  reviewing  the  curve  fit  for  that  run,  it  is  easy  to  justify 
changing  the  coefficient  to  fit  the  trend.  Also,  a  plot  of  th^  coefficients  versus  wind  rpeed  wit!', 
wavelength  hold  constant,  figures  o  through  9,  shows  additional  justification  for  changing  it.  Each 
of  the  X  ( i )  plots  correlates  well  with  a  straight  line  o.xcipt  far  the  SWII-T-15  l.no  ym  point. 

11  it  were  shifted  up  to  a  value  of  5.5  to  correspond  to  a  point  on  the  line  which  correlates  X(l)  and 

velocity  then  it  would  also  fit  the  trend  in  figure  5.  Hie  X(2)  coefficients  us  functions  0f  wave¬ 
length  do  not  represent  such  a  consistent  trend  us  the  X(l)  coefficients  as  seen  in  figure  5,  If  the 
curves  were  drawn  through  the  X f 2 ]  points  in  figures  6  through  !i  hv  ignoring  the  points  which  do  not 
lollnw  the  trend  in  figure  5  then  a  linear  relationship  would  also  exist  between  -hn(X(2]]  and  wind 
velocity.  Itiese  results  are  encouraging  in  that  coefficients  can  he  determined  as  a  fnmilv  of  curves 
which  are  functions  of  velocity  and  wavelcnth. 

In  figure.'  ID  through  13  the  coefficients  were  plotted  versus  relative  humiditv  for  con¬ 
stant  values  of  wavelength.  These  correlations  are  not  as  good  as  those  for  the  ve  loci  tv  data  hut 
an  apparent  trend  exists.  The  XM)  data  shown  in  figure  II  chow  a  good  lineal  relationship  with 
respect  to  laandldity  without  modifying  the  point  for  SlVII-T-15  whuh  makes  data  interpretation  more 
difficult.  Velcxilv  is  independent  of  humidity  hut  the  effective  humidity  of  the  smoke  cloud  could 
depend  oti  *-he  transport  of  the  cloud  through  the  annosphcn:  litis  would  help  explain  how  average  winl 
veluci'v  can  affect  t  ran  -ini  1 1  aivv  other  than  through  the  di.sfibut  ion  of  the  cloud  concent  rut  ion. 

figure  14  is  a  plot  of  the  correlation  coefficients  as  functions  of  wavelength  for  111  smoke. 

1'iis  fain i  1  >  of  curves  is  not  as  well  behaved  as  the  corresponding  family  for  UT  smoke.  A  general 
trend  still  exists,  hut  tire  spread  is  greated  and  more  cross  over  is  seen,  fcattor  in  the  plots  of 
tlie  i  oef  f  ic  ients  versus  velocity  and  relative  humidity  were  too  large  to  a  1  low  cone  1  us  lye  results.  As 
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for the  WP  smoke  curves,  if  tho  points  in  Figure  14  were  adjusted  to  show  a  consistent  trend,  then  the 
velocity  would  he  linear  with  respect  to  the  coefficients,  A  fairly  close  approx imul  ion  te.  a 
straight  line  representation  e>  ists  for  hot h  velocity  and  humidity  in  the  P.'7S  iiin  case.  'Ihese  are 
sliown  in  figures  15  and  10  respectively.  The  best,  resolution  of  cloud  characteristics  occur  at  the 
longer  wave  lengths,  since  the  Instruments  are  not  defeated.  As  seen  in  these  figures,  the  SWII-T-1.  tost 
point  Is  considerably  below  the  others.  It  Is  postulated  that  the  level  of  concentration  would 
influence  tho  values  of  tho  coefficients, too.  The  maximum  Cl  values  for  each  run  wore  recorded,  in 
this  cuso  tho  C'l  values  were  1172  for  SWII-T-1,  522ft  for  SWI-T-33,  5498  for  SPIIA-T-3,  1375  for  SWI-T-4 
and  14,1X9  for  SWII-T-17.  The  unit!-:  on  Cl  are  mg/M^,  The  magnitudes  of  the  -Ln  (-X(I)'J coefficients 
corespond  to  magnitudes  of  the  Cl  values.  Therefore  it  is  concluded  that  the  magnitude  of  Cl  should  bo 
considered  as  ono  of  the  correlating  parameters. 

Tests  run  at  Smoke  Week  II  using  WP  Wicks  and  Wedges  of  WP  and  RP  were  included  in  the 
analysis,  figure  17  shows  the  relationship  among  the  coefficients  and  wavelengths,  Ihese  data  are 
more  orderly  than  the  (1C  smoke  dutu.  The  two  lower  wavelengths  are  not  ordered  but  the  two  upper 
wavelengths  are, and  plots  of  the  correlation  coefficients  versus  velocity  for  tho longer  wavelength 
values  tend  to  he  linear  relations  as  shown  in  figure  18,  'litis  is  not.  t rue  for  the  coefficients 

versus  relative  humidity  plots  as  soon  in  figure  19.  Three  of  tho  points  follow  a  linear  relation 

hut  the  fourth  point,  is  Far  from  the  curve.  Tho  three  points  In  lino  arc  from  tests  having  small  or 
maximum  Cl  values  than  tho  point  off  the  curve.  Maximum  Cl  values  for  SWII-T-18,  88  and  X  are  4X98, 

5 Hi 5  and  5811  respectively  whereas  .SWtI-T-24  has  a  maximum  Cl  of  24,127  mg/iii^.  Agnin.it  Is  evident 
that  the  level  of  Cl  must  lie  taken  into  account  when  models  are  developed  Vo  describe  the  data. 

5.  CONCLUSIONS 

'Iht'  iLata  reduction  technique  developed  in  this  paper  Is  general  enough  to  apply  to  other  time 

varying  situations.  In  analysing  the  results  of  Hie  technique,  i  t  is  seen  that  a  definite  set  of 

trends  is  present  In  the  data  and, except  for  some  cases,  the  coefficients  are  predictable.  Improve¬ 
ments  in  the  model  can  he  made  which  should  reduce  the  scatter  in  the  data. 

Results  of  the  data  reduction  tend  to  show  that  the  coefficients  are  functions  of  (at  least) 
velocity,  relative  humidity  and  the  maximum  level  of  Cl.  because  of  the  relations  aiming,  the  variables, 
it  is  expected  that  an  empirical  relation  for  predicting,  the  coefficients  using  these  parameters  is 
at  t: i  i  liable. 
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OBSCURANT  FIELD  TESTING 


W.  M.  Farmer 

Thu  University  of  Tunnuasee  Space  Institute 
Tullahoma,  Tonne  suet! 

ABSTRACT 

Recent  research  has  indicated  that, for  hygroscopic  smokes, significant  variancaa  exist  between 
extinction  coefficient  measurements  obtained  with  long  transmission  patha  and  those  localised  measurements 
obtained  from  particle  sire  distribution  data.  Furthermora,  uncartaintlaa  in  tha  long  path  maaaura- 
ments  due  to  such  factors  as  atmospheric  scintillation  and  tha  lack  of  correlation  with  othsr  kinds  of 
measurements  make  error  estimates  in  the  determined  optical  properties  difficult,  if  not  impossible, 
to  compute.  During  Smoke  Week  lit,  in  addition  to  long  path  measuremants  of  concentration  and  transmit' 
tance,  data  on  tha  physical  properties  of  the  tested  obecurants  are  obtained  in  a  localised  area  with  a 
cluster  of  instruments.  Sufficient  redundancy  existed  in  ths  instrumentation  to  determine  data  con¬ 
sistency  uud  instrument  stability,  in  many  trials,  sufficient  data  existed  to  estimate  the  uncertainty 
in  the  determined  optical  properties,  This  paper  will  diacuaa  tha  instrumentation  cluster  concept  and 
its  significance  In  field  tasting.  Instrumentation  used  in  tha  Smoke  Weak  111  cluatar  will  be  described, 
Examples  of  data  consistency  tests  will  ba  given.  Examples  of  data  from  tha  instrumentation  will  ha 
presented  and  limitations  and  improvement*  in  the  instrumentation  cluster  concept  discussed. 

1.0  INTRODUCTION 

t’rlor  to  Smoke  Week  III,  a  reasonably  large  body  of  data  had  been  obtained  which  was  used  to 
describe  the  optical  characteristics  of  a  variety  of  materials  used  to  produce  obscurant  clouds.  These 
mutortuls  Included  phosphorus,  hexachloroethane,  fog  oils,  and  a  variety  of  experimental  powders  and 
liquids.  However,  close  examination  of  these  data  for  hygroscopic  smokes  such  as  phosphorus  revealed  a 
serious  discrepancy  in  values  for  such  fundamental  parameters  as  the  mass  extinction  coefficient  gnd  the 
particle  size  distribution/  It  was  found,  for  example,  that  the  mass  extinction  coef f lc lent, when 
computed  using  particle  size  distribution  data.dlf fared  markedly  from  that  obtained  using  field 
methodology  which  had  been  in  use  For  several  years,  Furthermore,  even  when  comparisons  were  made 
between  data  obtained  by  different  instruments  for  such  fundamental  parameters  as  particle  size  distri¬ 
butions,  poor  agreement  was  found,  The  degree  t"  which  such  disagreement  existed  i*  aptly  illustrated 
by  Figure  1  which  plots  the  mass  extinction  -.efficient  for  a  wavelength  of  3.4  micromugars  ss  obtained 
from  a  variety  of  tests  and  measuring  instruments,  As  the  figure  shows,  the  masB  extinction  coefficient 
calculated  from  particle  size  distribution  data  1h  significantly  different  from  that  obtained 
through  computations  unlng  dosage  and  transmittance  datn  as  was  typically  done  in  large  field  tests  such 
nH  Smoke  Weeks  1  and  1 1 , 
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Figure  1,  Extinction  cosff icients  measured  by  different  agencies 

and  by  different  techniques  for  sevural  fluid  and  laboratory  trials. 


The  discomfiture  of  such  discrepancies  is  further  compounded  when  the  result!)  from  these  tents 
are  evaluated  in  terms  of  measurements  uncertainty.  There  are.  in  fact,  very  few  uncertainties  quoted 
for  any  measurement  such  as  particle  sire  distribution,  mass  concentration,  or  transmission  when 
measured  in  the  field.  Very  often  it  is  not  quoted  or  known  for  comparative  laboratory  data.  Thus 
while,  ua  figure  l  shows,  there  is  a  broad  discrepancy  between  the  two  seta  of  measurements,  neither  set 
can  be  called  correct  because  it  la  not  known  to  what  degree  of  accuracy,  precision,  or  consistency  any 
one  aet  of  measurements  has  been  made  either  in  tha  laboratory  or  the  field,  A  method  proposed  and 
adopted  for  the  elimination  of  many  of  the  uncertainties  which  have  arisen  in  past  measurements  was 
implemented  during  Smoke  Week  I T 1 •  The  approach  during  SW111  was  to  cluster  a  number  of  different  kinds 
of  instruments  which  could  be  used  to  compute  identical  obscurant  parameters  in  a  localised  position 
exposed  to  the  obscurants  tested  during  the  field  trials.  The  objectives  of  this  cluster  of  instruments 
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1,  to  obtain  redundant  measurement!)  of  thu  same  parumetur  In  order  to  determine  thu  potential 
spread  of  data  values  and  to  determine  the  data  consistency  amnnit  the  vnrlmia  techniques 

2,  to  develop  independent  moan*  of  estimating  parameters  from  aevapal  different  instruments 
which  had  not  boon  used  in  paat  fiald  tuata 

3,  to  increase  present  instrumentation  capabiiitiaa  by  developing  a  data  baaa  against  which 
nuw  instrument  results  could  ba  compared. 

An  a  by-product  of  this  approach,  it  waa  hoped  that  sufficient  inatrumantation  could  ba  used  to  identify 
sources  of  dimirupmioloa  in  past  measurement*  and  poaaibly  identify  aourcea  of  erroneous  data  in  past 
teats.  In  thin  paper,  the  clustur  of  instrument!)  used  in  Smoke  Week  111  will  be  called,  simply,  the 
instrumentation  duster.  It  was  locatud  vury  near  the  cunter  of  the  sampling  grid  and  contained 
instrumentation  which  was  capable  of  1)  determining  spectral  transmission,  2)  mussiiring  particle  site 
distribution,  3)  determining  aerosol  concentration,  and  4)  determining  the  turbidity  absorption  charac¬ 
teristics  of  various  obscurants  at  n  wavelength  nf  10,6  micrometera,  Only  the  hardware  and  measurement 
approaches  will  be  diacuased  Ltt  the  present  work,  A  detailed  discussion  of  results  obtained  with  the 
duster  data  iH  presented  elsewhere,^ 

2.0  DESCRIPTION  OK  INSTRUMENTATION  CLUSTER  USED  DURINtl  SMOKE  WEEK  1.11 

Table  1  is  used  to  identify  und  sumitieritu  the  basic  characteristics  of  the  instruments  which 
were  in  the  instrumentation  clustur  during  Smoko  Wouk  It'I.  Table  1  provides  an  uc.ronym  or  thtree-iutter 
identification  for  each  instrument,  the  aguncy  which  operated  thu  instrument,  the  measured  variable, 
and  thu  variable  range  over  which  the  inn i rumen t  can  function.  Thu  following  discussion  briefly 
deHcribuH  each  instrument  and  why  It  was  Included  In  the  Instrumentation  cluster, 

2.1  INSTRUMENTS  USED  IN  THE  INSTRUMENT AT  ION  OLDSTER 


2,1,1  Short  Path  i'ransiuissometur 


The  abort  path  trnnsmJssomuter  (Sl’T)  was  operated  by  the  University  of  Tennessee  Space  Institute 
Lti  conjunction  with  thu  Barnett  Engineering  Company,  which  provided  thu  instrument  for  the  teat.  The 
optical,  path  length  for  this  t  ransmlsnometer  was  5m.  The  truusmlssomuter  provided  by  UnrneH  wuh  capable 
of  obtaining  over  2(H)  transmltumce  values  pur  second  for  a  rango  of  wavelengths  between  2.5  and  14  Pm. 
UTS!  provided  a  microprocessor  data  accptlaltlon  system  which  was  usud  to  acquire,  data  from  the 
transmlHHometer  receiver.  Deeause  of  limited  memory  capacity,  only  thirty  seconds  of  data  could  he 


obtained  before  the  data  was  transferred  to  magnetic  disks, aTter  which  the  tr.insmlsHomutut  wus  lutii'amd 
to  a  data  acquisition  mode.  Normally,  In  many  of  the  trials,  sufficient  time  uxlsred  to  allow  the 
acquisition  of  four  Id-second  samples.  Prior  to  uae.li  trial,  10  seconds  nl  clear  nit  measurements 
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were  obtained  in  order  to  determine  Lhe  statistical  variation  of  tranBmittance  with  wavelength.  These 
data  vure  used  to  estimate  the  uncertainty  in  transmission  for  a  particular  wavelungth.  Thu  source  for 
the  Lrmmmissometer  was  a  1000°K  blackhody  chopped  at  1  KHz  rate.  The  SPT  control  system  and  computer 
memory  were  housed  in  a  data  acquisition  system  (DAS)  box  placed  in  the  instrumentation  cluster.  In 
order  to  maintain  proper  operating  temperature* , the  DAS  box  was  air-conditioned  and  sealed  during  each 
trial.  Instruments  operating  on  the  cluster  and  connected  to  computer*  in  the  DAS  box  were  operated 
remotely  through  the  computers  by  terminals  located  in  the  University  of  Tenneseee  Space  Institute 
(UTS1)  instrumentation  van.  This  approach  minimized  long  cabling  nuceaaary  tn  operate  the  cluster 
Instruments, 
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2.1.2  Qumrtz  Crystal  Mans  Monitor 

Thu  quartz  crystal  mass  monitor  ((}CM)  is  a  commercially  available  device  (model  3203)  from 
3 

Thermo  Systems  Inc.  It  operates  or  the  principle  that  mass  concentrations  sampled  at  a  fixed  flow 
rate  can  be  detected  by  measuring  frequency  shifts  caused  by  mass  accumulations  on  a  quartz  crystal 
which  is  vibrated  at  a  fixed  frequency.  Thu  QCM  as  used  on  the  instrumentation  cluster  was  used  with  a 

V 

1 00 l 1  dilutur  built  by  thu  lloyco  Company  and  loaned  to  UT81  by  the  Aurosol  Research  Division  of  CSL. 

Thu  QCM  with  thu  dilutur  was  capable  of  measuring  cancuncrationa  up  to  1000  mg/m  with  a  resolution  of 
,  0.1  mg  und  it  recorded  thu  concentration  once  per  second  during  thu  trial.  Thu  QCM  wus  housed  in  thu 
DAS  box  in  ordur  to  maintain  thurniul  control  of  thu  mass  detection  crystals  thus  preventing  evaporation 
of  hygroscopic  aurosols  uccumulutud  on  thu  crystal.  Tins  QCM  and  the  electric  aurosol  analyzer  (sue 
section  2.1. 3)  shuriul  n  common  data  acquisition  system  which  wuh  hIho  located  in  thu  DAS  box, .and  both 
instrumunts  wore  controlled  by  remote  terminals  locatud  in  thu  IIT8T.  van. 

2.L.3  Electric  Aurosol  Analyzer 

Thu  uluctric  uurosol  unalyzer  (EAA)  is  u  coumiurc tally  available  device  (model  3030) 
constructed  by  Thermo  Systems  Inc.,  ownud  by  thu  Chumieul  Systems  Laboratory,  and  wad  operated  by  UTSI. 

Thu  UAA  is  capable  of  measuring  thu  uluctricul  mobility  of  particles  ranging  in  sizu  from  0,005  Mm  to 
1,0  pm  in  diameter,  Measurement  of  thu  electrical  mobility  allows  duturminction  of  the  particle  dlamutur/ 
Thu  liAA  shared  thu  same  sampling  line  us  thu  QCM  und  was  also  iocutud  Inside  the  DAS  box,  The  EAA 
requires  a  two-minute  cycle  time  Id  order  to  obtain  a  size  distribution  from  0.005  Mm  to  1,0  pm  and  is 
normally  too  slow  to  use  reliably  without  «  "bun"  system  in  order  to  trap  an  aerosol  sample  from  an 
InUomogeneuuH  cloud.  liuwuvur,  buruuse  many  of  I  lie  aerosols  which  were  measured  during  Smoke  Week  lit 
were  hygroscopic,  it  wns  fult  that  a  bug  system  would  distort  nny  measured  size  distribution.  Tt  whh 
decided,  therefore,  to  allow  the  instrument  to  cyclu  us  necessary  through  the  very  dense  clouds  and 
merely  use  the  device  as  an  indicator  of  Lliu  rungu  over  which  small  particles  might  exist  tn  iiuch  cloudH, 
fortunately,  during  one  trial,  the  smoke  was  sufficiently  homogeneous  during  the  sample  timu  that  a  size 
histogram  was  obtained  which  Is  believed  to  he  a  reasonable  representation  of  the  small  particles  presont 
in  the  cloud. 


2.1.4  Uluctric  CriMcude  Impm.tur 

The  electric  cascade  tmpactor  (U'dl)  was  cons  l  rue  Led  and  operated  by  the  University  of  Texas. ^ 

The  cascade  Impncior  la  a  device  which  Is  commonly  used  to  determine  the  aerodynamli  diameter  of  aernsolH 
through  Inertial  Impaction  In  well  defined  aerodynamic  flows.  The  University  of  To., us  has  modified  this 
basic  approach  by  replacing  the  median  i  nil  col  lector  normally  used  in  collect  the  aerosol,  with  an 
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e 1  or  Li"  I  i-a  I  I'liiii'n  I  ng  HyHtt'in  flint  can  charge  tin1  uurusnl  with  reasonable  re  1  lab  1 1 1  ty  •  Thu  umnunt  of 

aerosol  on  a  particular  impaction  stage  is  thus  determined  through  direct  measurement  of  the  current 
imparted  to  that  stage.  Thu  OCX  was  located  near  the  center  of  the  SPT  transmission  path  and  used  a 
nominally  isokinutic  sampling  system.  It  measurud  a  size  range  wherein  the  last  impaction  stage  used  a 
filter  to  covur  particle  sIzuh  from  approximately  0  to  0,25  pm.  Additionally,  six  stages  ssmpled  up  to 
a  maximum  sizu  of  approximately  20  pm, 

2.1.5  Climet  Particle  Size  Analyzer 

This  particle  size  analyzer  system  waa  operated  by  Dugway  Proving  Grounds  and  wbb  constructed 
by  the  Climet  Corporation  (modul  208). 6  This  PSA  covers  a  size  range  of  0.3  pm  to  10  Pin  in  16  size 
increments  and  is  capable  of  producing  a  size  distribution  once  pur  second.  This  device  measures 
sampled  and  diluted  uurosola.  It  determines  particle  size  through  pulse  height  analysis.  The  measurud 
size  distribution  is  an  equivalent  latex  aphuro  distribution.  Previous  studies  have  indicated  that 
when  the  aurouols  huvu  only  ruul  indices  of  refraction,  the  particle  size  range  is  essentially 
independent  of  the  index  of  refraction  and  thu  measured  sizes  should  correspond  to  true  sizes. ^ 

2.1.6  Particle  Sizing  Intorferomutur 

Thu  particle  sizing  interferometer  (PSI)  was  constructed  and  opurntud  by  the  University  of 
Tunnusauu  Space  Institute.  Two  PSI  systems  wuru  used  during  Smoke  Week  III,  One  PSI  system  was  located 
near  the  center  of  the  Instrumentation  cluster, while  a  second  PSI  covering  the  same  size  range  was 
loeaLud  approximately  Kim  off  the  main  grid  line  (near  thu  secondary  sampling  line)  and  wus  asud  to 
study  tlio  spatial  variations,  hIzu  distribution,  and  concentration  which  might  exiBt  in  an  obscurant 
cloud,  Thu  PSIr  wuru  udjuatud  for  two  different  size  ranges  during  Smoke  Week  111,  Normally,  they  were 
operated  In  a  mode  such  thut  thu  size  range  was  approximately  0,2  -  6  pm  with  size  resolution  ranging 
from  approximately  0,3-6  pm  In  21  size  Increments,  The  PSI  does  not  require  aerodynamic  sampling  from 
Lhu  cloud  und  has  been  shown  to  bu  relatively  insensitive  to  particle  index  of  refraction,  tt  is 
capable  uf  measuring  numbur  densities  as  high  as  lO^/cc  without  dilution, 

2.1.7  baser  Spectrophene 

The  laser  spuctrophone  wan  constructed  and  operated  by  the  Atmospheric  Sciences  Laboratory  und 

U 

utilized  a  wavelength  of  1U  6  pm.  This  device  was  used  to  determine  the  absorption  component  of  the 
cloud  turblillty  (l.e,  the  product  of  mass  extinction  coefficient  and  concentration).  It  can  also  be  used 
as  a  Hlmrt  path  transmlssometer  to  determine  the  mass  ext Inctlon-coneuntratlon  product  (turbidity). 
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2.1.8  Particle  Measurement  Systems  Size  Analyzer 

A  Particle  Measurement  Systems  (PUS)  particle  size  analyzer  was  operated  by  the  Atmospheric 
□ 

Sciences  Laboratory.  This  device  covers  a  range  of  particle  sizes  between  approximately  0.1  and  10  pm 
and  normally  uses  illumination  from  a  laser  system.  It  does  not  sample  an  aerosol  with  dilution  and 
can  determine  number  densities  to  the  order  of  lO^cc"",  The  PHS  systems  were  located  very  near  the 
laser  spectrophones  on  a  3m  elevated  position  in  the  instrumentation  cluster, 

2.1.9  Backacatter  Nephelometer 

A  backacatter  nephelometer  was  constructed  and  operated  by  Harry  Diamond  Laboratories.^  It  is 
designed  to  determine  the  backacatter  extinction  coefficient,  turbidity,  and  depolarization  ratio  for 
two  different  wavelengths  by  ratioing  the  backacatter  signal  for  two  different  solid  collection  angles, 

It  has  buun  used  in  several  different  tests  including  Smoke  Week  III, 

2.1.10  Integrating  Nephelometer 

Two  integrating  nephelcmuters  were  operatud  by  the  Atmospheric  Sciences  Laboratory.  These 
devices  are  commercially  available  from  Meteorology  Heseurch  Inc.  (model  L 550) .  These  devices  measure 
the  scattered  lrradiance  in  the  visible  over  scattering  angles  ranging  between  approximately  8  -  170°. 
These  devices  produce  meeeures  of  turbidity  and  are  normally  calibrated  to  read  mass  concentration." 

2.1.11  Aerosol  Photometer 

12 

The  aerosol  photometer  (AP)  was  operated  by  Dugway  Proving  (.rounds.  It  is  available 
commercially  from  the  Climet.  Corporation  (model  2600),  It  is  designed  to  determine  aerosol  concentration 
through  optical  scatter  magnitude  us  a  function  of  time  by  calibration  against  chemical  implnger 
measurements  for  known  dosages.  This  device  requires  aerosol  sampling. 

2.1.12  Chemical  Implnger 

The  chemical  implnger  (Cl)  is  n  mechanical  sampling  device  operated  by  Dugway  Proving  Grounds. 
It  Is  tiHud  to  sumplu  and  collect  an  aerosol  at  a  known  flow  rate  lor  chemical  analysis  after  a  particular 
tust.  Its  resultant  output  is  dosage  or  time  integral  values  of  the  concentration. 

2.1.13  Mechanical  Mass  Sampler 

The  mechanical  mass  sampler  wsh  a  high  volume  sampler  operated  hy  Dugway  Proving  Grounds,  It 
collects  u  large  volume  of  aerosol  on  a  collection  filter  for  weighing  after  a  tejt. 
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2.2  INSTRUMENT  ARRANGEMENT 

Figure  2  allows  how  the  Instrumentation  was  arranged  In  the  cluster.  The  measured  location 
coordinates  of  each  instrument  is  indicated  by  u  dot.  The  instruments  were  eiuuturud  on  u  concrete  pud 
which  measured  15  x  30  ft.  Commercial  power  was  used  to  drive  ail  instruments  in  the  cluster.  This 
eliminated  any  measurement  uncertainties  due  to  power  Burges.  The  instruments  were  arranged  on  the 
concrete  pad  to  take  advantage  primarily  of  prevailing  winds  from  the  south.  The  data  acquisition  box 
proved  to  be  a  major  contributor  to  turbulence  around  the  cluster  as  did  the  barrel  stands  for  some  of 
the  Instruments  In  the  cluster. 
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Figure  2. 


Instrument  arrangement  on  test  pad. 


2.3  SELECTED  EXAMPLES  OP  DATA  OUTPUTS 

Of  the  Instrument!!  which  were  llHtud  mid  briefly  described  In  section  2.2,  I  lie  spectral 
LrnnsmlHHometer,  the  quarts’,  crystal  ittasH  monitor,  ami  the  electrical  aerosol  analyzer  are  relatively 
new  Instruments  and  have  not  been  used  to  any  s  I  j.’.n  i  f  leant  extent  In  obscurant  field  tents.  Therel  m  e, 
examples  are  presented  ul  tbe  data  outputs  from  these  Instruments  to  Illustrate  Lheli  present  utnl 
potential  capabll it ies. 
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2.  1.1  Spectral  Transmissometer 

Figure  3  shows  a  typical  wavelength  versus  transmittance  spectrum  obtained  with  the  SPT  during 
Smoke  Week  Til,  The  plot  is  for  a  white  phosphorus  smoke.  The  blank  Interval  uccuriing  between 
approximately  5.6  and  6.3  \xn  corresponds  to  a  change  in  the  response  function  of  the  transmissometer ’a 
sandwich  deteetcr.  These  data  are  plotted  be  a  continuous  function  with  linear  interpolation  between  the 
discrete  points.  The  passband  for  any  one  wavelength  is  approximately  1%  of  the  center  wavelength. 


The  data  shown  in  figure  3  were  acquired  in  l  second.  For  the  30-aecoud  black  of  SPT  data,  any  combination 
nf  It  utismi  ttancc  ns  a  function  of  time  and  wavelength  in  tin  s  obtainable.  These  kinds  oT  data  were 
I ound  to  he  most  conveniently  lepresented  on  the  kind  of  thrue-d linens lunal  plot  shown  In  figure  i\  which 
will  he  referred  to  ‘s  a  TH  plot,  l,e,  transmittance,  wavelength,  and  time,  by  examining  these  plots, 
those  samples  hi  the  particular  time  sequence  can  be  read! Iv  identified  for  a  more  detailed  study  ot  tin¬ 
type  nt  spectral  data  indicated  In  figure  J.  The  power  of  this  type  t ransi.i i ssometer  fur  the  kinds  of 
measurement".  >al*«,n  in  Smoke  Week  111  resides  In  toe  fact  that  the  spectral  distribution  ot  transmittance 
Is  iiK-usun-il  ovei  a  ver/  broad  ham!  nl"  wavelengths  of  Interest,  With  this  data,  particular  wave l cnpth 
rrj',  1 1  »ns  which  might  ho  exploited  using  narrow  wavelength  devices  such  as  lasers  can  he  Identified. 
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Figure  4,  Transmittance,  wavelength,  timu  (TAt)  plot  for 

white  phosphorus  -  trial  16  (100X  RH), 


identifying  such  regions  cannot  be  done  with  broadband  trannmissomefers .  However,  when  it  it  desired, 
broadband  transmittance  can  be  estimated  with  the  spectral  trunsnisKometer  by  integrating  the  detailed 
spectrum  over  thu  range  of  interest.  By  choosing  n  transmittance  at  some  reference  wavelength  and 
computing  ratio.,  of  ln(’l')  to  the  reference  transmittance,  data  of  this  kind  can  be  exploited  to  determine 
virtually  any  relative  mass  extinction  coefficient  in  thu  full  runge  from  the  near  to  far  IR. 

2.3.2  Quartz  Crystal  Mass  Monitor 

An  example  of  the  type  of  data  which  wps  obtained  with  the  QCM  1h  shown  in  figure  5.  Figure  5 
plots  the  accumulative  moss  concentration  measured  with  the  QCM  as  a  function  of  time.  The  accumulative 
concentration  measured  over  the  entire  trial  time  Is  Identical  to  the  parameter  commonly  referred  to 
"dosage".  Figure  5  also  plots  the  Instantaneous  cuncuntrat Ion  ns  a  function  of  time  for  1-second  averages 
as  measured  hv  the  QCM.  By  using  data  such  as  Is  Illustrated  In  figure  5,  yield  factors  which  are 
dlrectLy  applicable  to  those  dosages  obtained  with  meehuuleal  mass  samplers  can  be  determined  directly 
111  the  field  experiment. 
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Figure  5.  Examples  of  t)CM  output. 


2.3.3  Electrical  Aerosol  Analyzer 

Figure  6  plots  a  particle  size  distribution  which  was  obtained  for  white  phosphorus  using  the 
eluotrlcal  aerosol  analyzer.  This  size  distribution  was  the  only  full  distribution  obtained  during  the 
Smoke  Week  III  tests  using  the  EAA  because  of  its  relatively  long  two-minute  cycle  time.  Numerous  data 
were  obtained  for  the  larger  size  lncrementa  measured  by  the  EAA  because  the  sample  Llmu  for  the  larger 
size  Increments  only  corresponds  to  roughly  1/A  that  of  the  entire  cycle. 

3.0  MEASUREMENT  COMPARISONS 

In  this  suction,  it  is  shown  how  the  various  measurements  obtained  in  the  instrumentation 
cluster  can  be  used  to  compute  the  basic  quantities  needed  to  optically  characturizo  an  obscurant 
cloud. 


3.1  EXPRESSIONS  FOR  THE  BASIC  PARAMETERS 

3.1.1  Mean  Extinction  Cross-Suction 

Thu  mean  extinction  c ruSH-sec tion  may  be  determined  either  from  size  distribution  men  mi reineiiln 
when  the  extinction  efficiency  is  known  or  from  transmittance  values  .uid  number  density  est  limiter . 
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F Inure  fi.  0,007  -  1  put  particle  size  distribution 

probability  denai ty  function  measured  by  EM  for  trial 
18,  white  phosphoru  . 


Consider  first  how  size  distributions  are  used  to  estimate  the  mean  extinction  crosB-suction,  Suppose  u 
•mrticle  size  analyzer  obtains  lire  size  distribution  in  "n"  discrete  h  lze  increments;  then,  assumLtiK  that 
the  aerosol  1h  Hainplud  randomly,  the  probability,  I'.,  of  obtaining  n  pniticulnr  measurement  Ir  the  itli 
size  Interval  ii,  plvou  by 
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and  1b  the  nuribur  of  measurements  In  the  1th  size  interval#  The  mean  extinction  cross-section,  a, 


can  then  be  written  ae 


°  ■  i  tSj  QEiD5fi  <3> 

where  lo  the  extinction  efficiency  for  the  largest  particle  diameter,  Di,  in  the  ith  alee  interval. 

can  be  computed  for  spherical  particles  from  Mie  scattering  theory  when  the  index  of  refraction  of 
the  obscurant  material  is  known. 

Most  particle  size  analysers  can  determine  particle  number  density,  p^,  independently  of  the 
measured  size  distribution.  This  can  be  achieved  by  counting  particles  at  a  fixed  flow  rate  (PSA)  or  by 
determining  particle  coincidence  in  a  smull  sample  volume  optically  placed  in  a  large  unperturbed  volume 
of  the  aerosol.  Examination  of  the  Beer-fiougher  law  as  expressed  in  the  equation 


where  T  is  the  transmittance  and  I,  is  the  transmission  path,  shows  that  a  number  density  and  transmittance 
measurement  also  yields  0,  i.e. 

°  (»> 
pnl 

Hence,  0  can  be  estimated  directly  using  two  relatively  independent  experimental  measurements  — 
transmittance  and  number  density. 

3.1.2  Muhs  Extinction  Coefficient 

•  The  mass  extinction  coefficient,  referred  to  simply  as  the  "extinction  coefficient",  is  often 

used  to  characterize  the  optical  characteristics  of  an  obscurant  rather  than  o.  The  masB  extinction 
coefficient,  a,  is  defined  as 

a  -  c/J  PoU3  (6) 

where  P  is  the  material  density  of  the  obscurant  and  is  the  third  moment  of  the  particle  size 
distribution  or, equivalently, u/6  p3  is  the  mean  particle  volume,  a  is  thus  the  mean  extinction  cross- 
section  pur  mean  particle  mass,  a  can  be  computed  using  particle  size  analyzer  data  by  computing  a  sb 
indicated  in  section  3.1.1,  equation  3.  The  third  moment  of  the  size  distribution  con  be  computed 
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3.2  POSSIBLE  DATA  COMPARISONS 

One  of  the  major  objectives  in  using  a  number  of  different  instruments  in  the  instrumentation 
cluster  was  independent  determination  of  many  of  the  parameters  described  in  Beetion  3,1.  Thus  teuts  of 
internal  data  consistency  and  cross-checks  of  the  various  parameters  which  might  be  determined  using  the 
calculatlonal  procedures  indicated  in  sections  3.1,1  through  3,1.4  can  be  created.  Table  II  summarises 
how  the  various  instruments  could  be  used  to  estimate  the  parameters  of  inturest  from  data  which  could 
be  collected  from  the  instrumentation  cluster.  The  instruments  are  Indicated  by  row  and  the  parameter 
of  interest  Ls  Indicated  by  column.  Combinations  of  particular  instruments  are  indicated  which  can  be 
used  to  yield  the  parameter  uf  interest,  For  example,  the  column  headed  by  (SPT,  QCM)  shows  that  the 
mass  extinction  coefficient  could  be  estimated  from  the  data  obtained  using  these  two  instruments  with 
equation  9.  The  summary  of  Individual  estimates  indicated  In  Table  11  provides  an  intrinsically 
enlightening  look  at  the  power  of  the  optical  and  cascade  particle  Hlze  analyzers.  It  will  he  noticed 


UNCLASSIFIED 


141 


14 


UNCLASSIFIED 


that, potential ly, these  devices  can  determine  every  parameter  indicated  in  the  left  hand  column  when  the 
particles  can  be  assumed  to  be  spheres  mid  the  index  of  refraction  and  material  density  are  known. 


KtTHODI  USED  IN  IMOKI  Will  lit 
»0»  KITtHATINO  OIICURANT  OPTICAL  PARAMETERS 


EBTBBBEE5B1 

HI 

MEAN  PARTIGU 
DIAMETER 

PARTICLE  HUM  HR 
DENSITY 

MASS  CONCENTRATION 

K1 

MIAN  EXTINCTION 
CROSS-SECTION 

HASS  EXTINCTION 
COEFFICIENT 

TUNE 1DITY 

X 

MEAN  F ARTICLE 

VOLUME 

1,  WHIN  HAM  EXTINCTION  COSPFIOIRNT  II  KNOWN 

2,  WHIN  HATINIAt  DENSITY  IS  KNOWN 

3,  WHIN  PARTICLE!  ARE  SPHERES  AND  INDEX  OF  REFRACTION  KNOWN 

Hl'Ti  Short  Pith  Trtnaniiootmiter 
ijcmi  quirts  Cryitil  Mil!  Monitor 
ouai  opticil  Ilia  Analpier 
CSA i  Cmcada  Ilia  Anaiyior 


1.3  PARAMETER  ESTIMATION  LIMITATIONS 

Thu  approach  which  has  buen  discussud  for  the  instrumentation  cluster  alleviates  many  of  the 
1  tin  I  tntloiiH  encountered  in  past  field  measurements  (e.g,  insufficient  instrument  redundance  and  unknown 
erroi-H),  However,  there  uru  at  least  four  major  limitat,  ms  which  will  restrict  the  potential  utility 
of  this  approach  in  obscurant  field  characterization,  These  limitations  are  1)  different  ranges  in  the 
parameters  measured,  2)  different  sampling  times,  3)  different  spatial  locations,  and  4)  different 
volumes  uf  auniHol  examined  by  the  different  instruments. 

H  should  be  clear  that  identical  answers  should  not  be  expected  from  instruments  which  huve 
different  ranges  of  comparison  or  measure  over  dtfterent  ranges.  Thus,  it  is  necessary  to  carefully 
choose  Instruments  for  the  comparisons  In  which  the  ranges  of  the  parameter  to  be  determined  slgnl f lcanLl y 
overlap.  In  tlie.  I  I  na  I  analysis,  the  potential  errors  which  are  Introduced  into  the  separate  Hets  of 
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measurements  by  ignoring  the  data  value&  buyond  the  range  of  each  instrumental  measurement  should  be 
examined,  This  tecomuH  particularly  apparent  when  particle  size  analyzers  are  considered.  For  example, 
It  often  occurs  that  measured  particle  size  ranges  do  not  overlap,  the  histogram  size  increments  are  not 
the  same,  the  eerosol  is  sempled  differently,  and  significantly  different  volumes  of  aerosol  are 
examined, 

If  the  instruments  used  to  measure  a  Bmoke  cloud  do  not  sample  at  the  same  rate  or  sample  in 
nn  on/off  sequence  such  that  the  sampling  times  do  not  correspond  to  observation  of  identical  parts  of 
the  obscurant  clouds,  obvious  discrepancies  in  the  data  may  arise.  This  difficulty  can  be  alleviated  in 
part  by  looking  at  long  time  averages  of  the  data  such  that  Bhort  variations  due  to  time  lags  between 
instruments  may  be  reduced  to  insignificant  quantities.  Additionally,  techniques  exist  and  have  been 
applied  which  tend  to  remove  the  affects  of  sample  acquisition  time  and  spactial  location  of  the  instru¬ 
ments  if  it  can  be  assumed  that,  eventually,  the  instruments  will  sample  the  same  portion  of  the  cloud 

2 

even  though  at  different  times  and  even  though  the  equivalent  sample  response  times  are  known. 

The  problem  of  physically  locating  the  sampling  instrumenta  such  that  thu  physical  presence 
of  one  instrument  does  not  interfere  with  the  aerosol  being  sampled  by  anothur  instrument  is  one  which 
enn  lead  to  erroru  and  which  must  be  examined  carefully.  Thesis  errors  are  of  two  typas.  First, 
disturbances  are  introduced  into  thu  wind  flow  carrying  the  aerosol  to  the  instruments.  Second,  lag 

timus  are  introduced  into  thu  sampling  system  of  the  instrument.  As  a  result,  when  duta  ure  conuidered 
for  identical  sample  times,  the  instruments  are  actually  responding  to  significantly  different  portions 
of  the  cloud.  The  problem  of  lag  times  is  one  which  requires  additional  study, although  there  presently 
appeurs  to  be  ruasonably  straightforward  solutions  to  eliminating  this  difficulty.  The  problem  of'  flow 
interference.  can  be  solved  by  careful  studies  of  the  location  of  the  Instruments  for  various  wind 
directions  and  choosing  to  placu  the  instruments  on  support  structures  which  will  not  block  or  deviate 
thu  wind  flow, 

The  limitation  introduced  by  thu  fact  that  each  instrument  can  potcntiully  sample  a 
significantly  different  volume  of  aerosol  bears  additional  evaluation.  For  example,  the  short  path 
transmlsuometar  examined  u  volume  of  aerosol  which  corresponded  to  cylinder  having  a  cross-sec tloua.1 
urea  defined  by  the  diameter  of  the  transmitted  beam  (10  cm)  and  by  thu  5m  path.  If  the  wind  direction 
is  assumed  normal  to  thu  line  of  site  thu  sampled  volume  Is  the  product  of  this  crosH-suctlomi!  area 
multiplied  by  thu  wind  velocity  and  sample  time,  (For  a  30-second  sample  time  and  3m/see.  winds  tlitH 

3 

could  correspond  to  a  volume  of  4.5  m  ,  On  the  other  hand,  thu  particle  hIzc  analyzers  of  the  hlimet 
type  withdraw  un  aerosol  at  u  fixud  flow  rate  which  Is  typically  of  thu  order  of  litres  per  minute. 

This  volume  obviously  corresponds  to  u  volume  approximately  10  J  times  Hmuller  than  that  defined  by  the 
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SPT,  Additionally,  the  QCM  will  also  examine  a  much  smaller  volume  of  aerosol .  Tims,  an  aasumption 
must  be  made  that  the  volumes  sampled  by  the  low  volume  instruments  are  reasonably  representative  uf  the 
much  larger  volume  sampled  by  tile  SPT,  A  method  for  circumventing  this  difficulty  is  to  use  a  number  uf 

different  instruments  such  that  1)  reliable  statistics  can  be  obtained  for  a  given  kind  of  instrument, 
and  2)  a  significantly  larger  spatial  sample  of  the  aerogol  will  be  examined  by  a  single  kind  of 
Instrument. 

4.0  SUMMARY  AND  CONCLUSIONS 

Results  obtained  from  the  instrumentation  cluster  described  elsewhere  show  clearly  that  . 

clustering  such  instruments  has  yielded  valuable  data  not  obtained  before.  These  data  have  shown,  for 
example,  a  temporal  dependence  of  the  mass  extinction  coefficient  for  hygroscopic  smokes  that  has 
provided  a  possible  explanation  of  why  the  mass  extinction  coefficient  obtained  with  particle  size 

analyzers  in  usually  significantly  larger  than  that  obtained  by  long  path  transmission-chemical  impinger 
2 

data,  Thu  consistency  and  expected  spread  of  measurements  which  can  be  expected  for  a  given  set  of 

measurements  has  been  demonstrated.  Lastly,  the  spectral  dependence  of  the  extinction  coefficient  for 

a  broad  range  of  wavelengths  between  2.5  and  14  |im  has  been  obtained. 

It  has  been  found  that  the  optical  size  analyzer,  QCM,  and  SPT  syatems  are  powerful  combinations 

of  instruments  for  determining  mass  extinction  coefficient,  mean  extinction  cross-section,  concentration, 

and  spectral  transmittance,  and  for  parametric  comparisons  of  data  consistency. 

The  Smoke  Week  III  test  was  the  first  attempt  ut  using  a  cluster  of  instruments  to  obtain  the 

type  of  data  which  has  been  provided  by  widely  spaced  instruments  in  the  past.  It  has  been  obvious  from 

unaLysts  of  the  duta  that  greater  care  should  be  paid  to  Instrument  arrangement  and  flow  patterns  around 

the  instruments  in  future  wurk,  The  value  of  the  short  path  transmlnsomoter  data  is  obvious.  However, 

in  future  tests,  it  is  most  desirable  to  be  able  to  run  the  transmissometer  continuously  with  a  much 

expunded  computer  memory,  It  is  also  desirable  to  sample  at  even  a  higher  rate  than  200  wavelengths  per 

second  In  order  to  determine  the  upper  limit  at  which  the  mass  extinction  coefficient  may  fluctuate. 

It  is  also  recommended  that  an  effort  be  made  to  require  that  the  instruments  function  In  a 

common  lamp ling  sequence  and  to  further  increase  the  data  redundance  by  using  more  than  one  particular 

kind  of  instrument  in  order  to  cross-check  the  potential  variations  which  might  be  introduced  due  to 

sampling  different  volumus  of  the  flow  and  potential  measurement  errors  by  a  given  instrument. 

A  fundamental  prohlem  encountered  in  clustering  the  instruments  in  a  localized  area  was  the 

subjection  of  the  teat  to  the  variability  of  the  wind,  e.g.iif  the  wind  changed  such  that  the  obscurant 

was  nut  blown  past  the  cluster, then  the  test  had  to  be  delayed  until  the  wind  was  in  a  suitable 

direction.  This  difficulty  can  be  overcome  by  utilizing  a  mobile  Hystem  which  could  be  positioned  at 
144 

UNCLASSIFIED 


UNCLASSIFIED 


A-lfl 


fulvimt.'iHcouH  points  clurl.ni’  a  particular  triuL  for  optimal.  wind  locution,  it  may  bo  desirable  to  place 
sucli  a  unit  nt  various  downwind  pnHltions  lor  the  no  no  type  of  obscurant  In  seqnontla1  trials  to 

determine  how  thu  obscurant  changes  relative  to  cloud  dispersion. 
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ABSTRACT 

The  instrumentation  cluster  used  in  Smoke  Week  Ill  provided  time-resolved,  localized  measure¬ 
ments  of  the  optical  characteristics  of  the  obscurants  tested.  This  paper  will  discuss  some  of  the  more 
important  results  obtained  from  these  data.  Chief  among  these  are  the  time  dependencies  of  the  muss 
extinction  coefficient  and  extinction  cross-section,  data  consistency  between  different  kinds  of 
instruments,  and  the  relative  changes  in  the  extinction  coefficient  for  various  wavelengths  ns  a 
function  of  time  and  the  uncertainties  associated  with  these  measurements, 

1 . 0  INTRODUCTION 

Serious  discrepancies  have  been  found  to  exist  between  laboratory  and  field  measurements  of 
the  maas  extinction  coefficient  of  hygroscopic  smokes. *  Additional  research  has  shown  that  the  data 
diffurences  could  be  traced  to  how  the  measurements  were  made  in  the  field  tests.  When  the  extinction 
coefficient  wbb  computed  using  particle  size  distributions  measured  in  field  uxpurlmenta,  results 
reasonably  consistent  with  laboratory  measurements  were  obtained.  However,  when  these  results  were 
tampered  to  those  obtained  using  long  base  line  transmittance  and  chemical  impingor  data,  significant 
differences  were  evident.*  While  the  consistency  of  the  laboratory  and  field  determined  extinction 
coefficients  viu  size  distribution  argues  strongly  that  those  extinction  coefficients  determined  by 
transmittance  and  chemical  implngor  data  are  erroneous,  there  is  no  a  priori  reason  to  assume  this  is 
so,  A  number  of  factors  need  to  be  considered  and  investigated  before  definitive  conclusions  may  be 
drawn.  The  most  significant  of  these,  me! 

1.  .  Apparently, very  little  attention  Ims  been  given  to  the  levels  of  uncertainty  In  extinction 
coefficients  which  have  been  determined  In  fiuld  or  laboratory  data. 

2.  It  has  been  generally  assumed  that  for  the  time  scales  prusunt  In  field  tests,  the 
extinction  coefficient  is  Independent  of  time  and  is  spatially  constant.  This  is  yet  to  be  verified. 

J«  (lunerally  speaking,  there  have  been  very  few  cross  chucks  (with, perhaps, the  exception 

of  Particle  Size  Analyzers)  oT  data  from  different  kinds  of  Instruments  used  to  determine  the  same 
parameter . 

4,  Munition  generated  obscurants  In  field  trials  may  have  Intrinsically  different  extinction 

coefficients  from  those  generated  In  laboratory  tests  using  small  samples  of  the  same  material. 

Thus,  definitive  comparisons  between  laboratory  ami  field  measurements  cannot  he  made  unless 
1)  some  (|uaut  llutlve  level  of  confidence  Is  established  for  both  nets  of  measurements  both  111  terms  of 
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statistical  confidence  and  instrument  to  instrument  data  consistency,  2)  fundamental  assumptions  have 
been  verified,  and  3)  tt  is  clear  how  laboratory  and  field  data  should  be  compared.  During  Smoke  Week 
Ml,  measurements  were  made  with  the  intent  of  generating  data  to  help  resolve  these  questions,  These 
duLu  were  provided  by  a  Localized  set  of  Instruments  called  the.  "Instrumentation  cluster"  placed  on  n 

concrete  pad  near  the  test  grid  center.  Among  the  parameters  measured  by  thene  instruments  were 
1)  particle  size  distribution,  2)  particle  number  density,  3)  aerosol  mass  concentration,  and  4)  trans¬ 
mittance  over  a  5m  path  for  over  200  wavelengths  between  2,5  and  14  dm.  In  a  number  of  test  cases, 
there  was  sufficient  redundance  in  the  instrumentation  and  in  the  measurements  to  determine  data 
consistency  and  range  of  variation  in  the  measurement,  A  description  of  the  instrumentation  cluster, 
its  arrangement,  hardware,  and  possible  data  correlations  available  with  the  measurements  are  discussed 
elsuwhere.  The  purpose  of  this  paper  is  to  discusa  the  most  uigniflcant  results  obtained  from  the 
instrumentation  cluster. 

2.0  TIME  DEPENDENCE  OF  THE  MASS  EXTINCTION; COEFFICIENT 

A  major  conclusion  to  bu  drawn  from  data  obtained  from  the  instrumentation  cluster  is  that  the 
mass  extinction  coefficient  can  often  be  a  time  dupundunt  variable  and  not  a  constant  as  is  often 
assumed,  In  this  section,  the  analysis  and  the  experimental  data  leading  to  thiH  conclusion  are 
presented, 

2.1  TEMPORAL  3PECTFA  OF  MASS  EXTINCTION  COEFFICIENTS 

A  primary  limitation  of  any  analysis  which  attempts  to  estimate  a  parameter  from  two  separately 
sampled  instruments  is  the  accurate  correlation  of  sampling  times.  For  example,  n  cloud  parameter  such 
as  the  mass  concentration,  C,  measured  between  times  tj  and  t^  wJU  not  directly  correspond  Lo  the  same 
portion  of  the  cloud  measured  over  the  same  time  interval  at  a  different  spatial  location.  Even  for  the’ 

same  location,  Instrument  response  times  could  be  different.  Previous  analysis  has  attempted  to  r’ircum- 

3 

vent  tills  problem  by  examining  time  integral  values  of  the  parameters.  In  the  case  of  the  mass 
extinction  coefficient,  u,  It  was  necessury  to  assumu  a  was  independent  of  time,  It  is  thus  desirable 
to  test  this  assumption  by  examining  the  temporal  characteristics  of  a  indicated  by  the  instrumentation 
cluster  data.  Fourier  transform  theory  cun  be  used  to  reduce  or  eliminate  the  uncertainty  arising  from 
unknown  shifts  In  sample  times.  It  uIho  provides  a  convenient  means  of  examining  temporal  dupundem.cu 
in  a. 

Suppose  u  and  C.  are  functions  at  time  given  by  u(t)  and  C(t);  then, the  Instantaneous 
transmittance  an  a  function  of  time  T(t)  for  the  short  path  trnmimlHsomuter  (KPT)  cun  he  written  as 

-InT(t)  -  u(t)  0(t)L  (1) 
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Assume  that  the  cloud  :ts  sufficiently  homogeneous  that 

c: (t)  »  c  (t  +  t  )  (?) 

Ill  o 

whet  1  C  (t  +  t  )  Is  the  measured  concern  ration  at  some  later  time  tit,  and  t  In  a  delay  in  the 
m  o  o  o 

sampling  time  which  Is  proportional  to  the  Instrument's  "potlal  separation,  atmospheric  winds  and 
turbulence,  and  thu  response  time  of  the  sampling  Instrument,  Substituting  equation  1  into  equation  2 
and  integrating  over  the  sampling  Interval  T  yields i 

■t  T 

- J  ln(T(t))dt  -  l  J  a(t)Cm(t  +  to)dt  (3) 

o  o 

where  L  Is  assumed  constant.  The  right  hand  side  of  equation  3  may  be  rucogniaed  as  the  cross  correla¬ 
tion  of  a  and  C  in  the  limit  as  T  approaches  ®>.  The  Fourier  transform  of  a  function  f(t)  can  be 
written  as 

no 

F(F(t))  -  J  f(t)e_12l,wtdt  (4) 

-00 


Applying  the  Fourier  transform  to  both  aides  of  equation  3,  it  cur  be  ahown  that 

T 

IV J  l.UTCOKlt)  »  F(u(t))F(Cm(t))L  (5) 

0 

Solving  equation  5  yieldB 

T 

ftt(t))  (6) 

u 


K 


■ 


ln(T(t))dt)/F(Cni(t))l, 


An  inverse  Fourier  transform  can  be  applied  tu  equation  6  to  yield  u(t), thereby  eliminating  the  errors 
‘  which  nmy  arise  from  an  unknown  t  ,  An  inverse  transformat i on  is  tint  neceuHary,  however,  since  all 

I 

necessary  information  Ih  contained  In  F(«(t)).  Methods  of  extracting  the  necessary  information  depend 
on  I’ursevnl's  theorem, which  can  be  wr'tten  im 


J  I'UdI 


di 


/ 


|  F'  (u  ( t )  )  |  *" 


llw 


(7) 


If  aft)  were  a  quantity  aucli  a-  voltage,  then  equation  7  could  he  Interpreted  uh  a  statement  of  reiiHor- 
vatlnii  ol  energy,  'l"ie  root-meali-  quare  of  a(t),  • '  ■  Is  dellmd  an 
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(8) 


On  using  equation  7  in  equation  8  and  making  suitable  adjustments  for  finite  time  records  of  length,  t, 
there  results 


RMS 


T/2 


li»7  f  |F(a(t))|2dw 

T**® 


1/2 


-T/2 


(9) 


Hence,  the  Fourier  transform  may  be  used  directly  to  compute  the  RMS  value  of  a(t).  It  is  straight¬ 
forward1  to  show  that  the  zeroth  frequency  component  of  the  Fourier  expansion  of  some  function  £(t) 
corresponds  to  the  time  average  of  f(t),  <  f(t)>,  where 


T 

<  f(t)>  m  \  J  (10) 

o 

« ' 

•y 

Thus, if  the  square  root  of  the  zeroth  frequency  component  of  |F(a(t))|*  is  computed,  the  time  average 
defined  by  equation  10  is  obtained. 

The  Integrand  on  the  right  hand  side  of  equation  7  is  often  used  in  the  analysis  of  time 
dependent  systems.  It  is  called  the  "power  spectrum"  of  the  function,  and  is  written  S(w) 


S(u)  -  |F(a(t))|2  (11) 

If  a(t)  were  a  voltage,  then, for  unit  resistance, S(u)  would  show  how  the  power  or  energy  is  distributed 
in  terms  of  frequency.  For  example,  S (w)  as  a  function  of  u  for  a  constant  frequency  sinusoid  with 
amplitude  A  and  frequency  would  be  a  spike  of  amplitude  |a|  located  at  uq.  (Equation  11  predicts  a 
second  spike  at  -<o  which  is  usually  ignored  for  physically  real  systems  since  there  are  no  negative 
frequencies.)  No  physical  explanation  is  presently  offered  for  the  meaning  of  the  "power  spectrum"  of 

0 

che  extinction  coefficient.  It  will  be  presented  here  merely  as  a  convenient  computational  device  for 
examining  the  temporal  characteristics  of  ct. 

Figure  1  shows  the  set  of  power  spectra  computed  for  a  for  trial  16  using  the  spectral 
transmissometer  data  at  3. A  micrometers  and  the  quartz  crystal  mass  monitor  (QCM)  concentration  data. 

Both  sets  of  data  were  acquired  using  a  once  per  second  sampling  rate.  Contrary  to  expectations  and 
assumptions  made  in  numerous  past  analyses,  a  has  an  obviously  strong  temporal  dependence.  The 
temporal  character  changes  for  the  A  sets  of  data.  This  implies  that  a  has  a  nonstationary  mean,  i.e. 
the  mean  changes  on  time  scales  at  least  of  the  order  of  the  time  separating  the  transmissometer 
samples  (approximately  30  seconds). 
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Figure  1.  Power  spectrum  for  mass  extinction  coefficient  for 

phosphorus  smoke  at  1005!  RH  (trial  16).  Relative  time  sequence  is  a-d. 


Figures  la-d  clearly  show  that  the  quoted  value  of  a(t)  will  depend  on  how  the  data  are 

averaged  with  respect  to  time.  Table  I  compares  the  arithmetic  and  RMS  time  averages  obtainable  from 

these  data,  the  maximum  and  minimum  values  of  a,  (a  ,  a  .  )  shown  in  the  power  spectrum,  and  the 

max  min 

frequencies  (u)  ,  b>  )  at  which  they  occur.  Additionally,  the  power  spectrum  for  the  entire  ensemble 

max  min 

of  data  has  been  computed  as  though  it  were  a  continuous  time  record.  The  result  is  shown  in  Figure  2. 
The  time  average  of  successive  data  sets  in  Figure  1  shows  a  steadily  decreasing  trend  which  is  stronger 
than  the  RMS  decrease.  There  is  no  obvious  trend  in  the  maximum  or  minimum  values  except  that  the 
maximum  values  seem  to  occur  at  higher  frequencies  than  the  minimum  values. 


HASS  EXTINCTION  VALUES  DETERMINED  FROM  ROVER  SPECTRA  FOR 
A  PHOSPHORUS  AEROSOL  NEAR  1001  RELATIVE  HUMIDITY 


RELATIVE 

HUMIDITY 

U) 


“max«u> 


“WHl) 


16.1  100 

1.86 

1.15 

2.17 

0.70 

0.1563 

0.0625 

16.2 

0.71 

0.50 

1.15 

0.25 

0.50 

0.668 

16.3 

0.63 

0.67 

2.07 

0.12 

0.2188 

0.0625 

16.6 

0.62 

0.33 

0.70 

0.19 

0,500 

0.0938 

{  16  ) 

0.35 

0.61 

1.41 

0.01 

0,500 

0.4922 
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Figure  2.  Power  spectral  density  for  the  mass  extinction 

coefficient  using  the  total  tine  record  of  the  spectral  transmiaaometer. 


These  data  provide  a  possible  clue  as  to  why  there  exists  a  significant  difference  in  a  values 
measured  using  time-integral  concentration  and  transmission  values  and  those  measured  in  the  laboratory 
or  field  using  particle  sine  analyzers.  The  entry  labeled  {  16}  in  Table  1  shows  that  the  average 
values  of  a  over  the  long  time  record  are  significantly  smaller  than  those  computed  for  the  shorter 
sample  times.  Thus,  aside  from  the  fact  that  a  apparently  cannot  be  assumed  constant  in  time  for  the 
hygroscopic  auukua,  the  mean  value  of  a  over  the  trial  decreases. 

The  usefulness  of  this  approach  for  estimating  a  is  further  illustrated  when  the  temporal 
spectrum  of  nonhygroscopic  clouds  are  examined.  For  example,  compare  the  power  spectra  shown  in  Figure 
3  obtained  from  the  XM49  generator  dispensing  IK  II 1  at  two  different  operational  periods  where  the 
generator  is  operating  near  the  instrumentation  cluster,  Figure  3a  corresponds  to  initially  reasonably 
stable  operatlon,although  the  spectral  distribution  shows  a  broad  range  of  values.  In  this  cSBe,  RMS 
values  of  n  are  about  15%  of  the  magnitude  -f  the  time  averaged  values.  Figure  3b  corresponds  to  a 
case  near  the  end  of  the  same  trial  when  the  output  from  the  generator  Is  apparently  strongly  periodic 
with  the  extinction  coefficient  ha/ing  a  time  period  between  2.6  and  2.9  aeconds.  Comparison  of  the 
power  spectrum  magnitudes  allows  that  It  Is  roughly  7  times  greater  In  magnitude  than  the  time  average 
value.  If  the  source  of  this  periodicity  In  a  could  be  Identified  then, obvl ouslyj the  possibility 
exists  for  Improving  the  character  Is 1 1  cm  of  u  through  generator  or  obscurant  modification  to  obtain  the 
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(a)  <b)  (c) 

Figure  3.  Mass  extinction  spectra  for  IR  #1,  a)  Normal  generator 

operation,  b)  extraordinary  generator  operation,  c)  dispersion  from  a 
helicopter  for  1R  #1  mixed  with  fog  oil, 

desired  result,  Figure  3c  shows  the  relative  power  spectrum  for  1R  Hi  mixed  with  fog  oil  after 
dispersion  from  a  helicopter,  By  comparison  with  the  ground  generated  cloud,  this  power  spectrum  is 
much  mare  uniform  in  amplitude.  Only  a  4X  difference  exists  between  the  maximum  and  minimum  values  of 
a  at  any  one  frequency.  This  is  interpreted  to  indicate  a  well-mixed  cloud  with  no  predominant  sources 
of  a. 

2.2  MASS  EXTINCTION  COEFFICIENT  DETERMINATION  USING  PARTICLE  SIZE  DISTRIBUTION  DATA 

The  time  dependent  character  of  a  indicated  by  the  Fourier  analysis  of  transmission  and 
concentration  data  haa  been  found  consistent  with  determinations  of  a  made  using  particle  size  distri¬ 
bution  data.  The  mass  uxtlnction  coefficient  can  be  computed  directly  from  particle  size  dlotribution 
data  when  the  extinction  efficiency,  Qg,  and  tnuterial  density,  p^,  are  known.  The  mans  extinction 
coefficient  defined  a:: 

tt  “  a/"  p  D  ,  02) 

0  O  J 

where  (J  1h  the  nuii.Ui  uxtlnction  crowa-section  and  In  the  thhd  moment  of  the  si/u*  Unit  inn*  In 

tli  Lh  suction  |  <\  vmIiiur  for  phoNphoruH  are  reported  which  were  obtained  uRlnp,  part  lulu  size  d  iut  rilmt  Ion 
diit.ii  meaaured  with  .1  particle  sizing  interferometer  (PS1).  Figures  4-9  plot  the  computed  extinction 
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coefficients  for  3.4  micrometers  and  trials  16,  25,  32,  18,  30,  and  24,  Values  for  p  as  a  function 
of  relative  humidity  were  computed  using  the  expressions  given  in  refurunce  5,  The  extinction 
efficiency  was  computed  assuming  that  these  smoles  had  the  same  Index  of  refraction  as  orthophosphoric 
acid.  Data  from  two  PSI  systems  are  given.  PSI  1  was  located  30m  from  PS1  2  which  was  positioned  In 
the  instrumentation  cluster.  PSI  1  was  usually  positioned  nearest  the  munition  detonation  point, 


TIMI  AFTIS  FUNCTION  HK.I 

Figure  4.  Mass  extinction  coefficient  bb  a  function  nf  time 

after  munition  detonation  for  trial  16. 


EXTINCTION  COEFFICIENT 
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Figure  6.  Mass  extinction  coefficient  as  a  function  of  time 

after  munition  detonation  for  trial  32. 


rilin'  !.  MitHH  1‘xMni'llnn  cnel  I  lelent  ns  a  function  of  time 

alter  munition  iletim.it  I  nn  I  nr  trial  1H. 
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and  time  dependences  which  presumably  can  be  correlated  through  considerations  involving  atmospheric 
turbulence  and  wind  velocity.  Consider  the  evolution  of  the  mass  distributions  as  shown  in  Figure  11 
from  the  PSX  2  (i.e.  the  PSI  operated  on  the  instrumentation  cluster).  These  data  show  an  initial 
distribution  of  small  particles  which  shifts  to  larger  sizes, then  a  decrease  in  size  as  test  time 
increases.  This  effect  is  reflected  in  the  a  plot  shown  in  Figure  10.  Also,  note  the  increase  in  the 
small  size  mode  as  time  increases.  The  bimodal  mass  distribution  is  consistent  with  observations  made 
in  the  H^S  test.*  Secondly,  consider  how  this  data  compares  with  that  obtained  from  PSI  1  located  30m 
from  PSI  2  and  much  nearer  the  munition  detonation  point.  It  is  more  likely  to  detect  explosive  debris. 
The  initial  histograms  shown  in  Figure  12  show  sizes  significantly  greater  than  those  initially  measured 
in  the  clustet  by  PSI  2.  There  is  a  time  differential  of  60  seconds  between  the  start  of  PSI  1  and  PSI  2. 
As  time  evolves,  the  distribution  measured  by  PSI  1  shifts  toward  smaller  sizes. 


Figure  11.  Examples  of  the  evolution  of  the  mass  distribution  with 

time  during  trial  18  for  WP  (CBU  88  Bomblet,  RH  =  81%)  as  measured  by 
PSI  2. 


These  data  seem  to  suggest  that  PSI  1  nearest  the  detonation  point  initially  measured  numerous  large 
bits  of  elemental  WP  or  debris  which  had  not  yet  produced  smoke.  PSI  2,  being  further  away ,  measured 
only  true  phosphorus  smoke, which  was  much  smaller.  As  test  time  increased, smoke  was  observed  which 
was  much  smaller  in  size.  PSI  2  was  able  to  sample  the  cloud  over  a  significantly  longer  period  of  time 
than  PSI  1  because  of  cloud  drift.  These  phenomena  were  observed  for  several  trials  during  Smoke  Week 
III.  The  extinction  cross-section  and  mass  extinction  coefficient  depend  on  the  size  distribution.  The 
observed  spatial  and  temporal  differences  in  the  measured  distributions  suggest  that  the  extinction 
cross-section  and  .thus , the  mass  extinction  coefficients  are  also  spatially  and  temporally  dependent. 
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Figure  12.  Evolution  of  mass  distribution  for  trial  18  as  measured 

by  PSI  1. 


„  3.0  COMPARISON  OF  DIFFERENT  EXTINCTION  COEFFICIENT  DETERMINATIONS 

A  number  of  different  instrumentation  outputs  obtained  on  the  instrumentation  cluster  could  be 
combined  to  yield  an  estimate  of  the  extinction  coefficient.  It  is  of  interest,  therefore,  to  compare 
these  values  with  those  determined  by  the  PSIs  and  obtain  an  estimate  of  the  spread  in  the  instrumental 
measurements.  For  reasons  which  will  become  apparent  in  section  4.0,  these  comparisons  will  be  for  the 
a  value  at  a  wavelength  of  3.4  micrometers.  Because  the  various  instruments  are  spatially  separated, 
values  of  a  would  apply  for  different  sampling  times.  As  the  previous  sections  have  shown,  the  method 
of  averaging  the  data  is  significant  even  over  short  time  intervals.  Hence,  in  these  comparisons  entire 
trial  averages  will  be  presented  without  any  attempt  to  weight  the  data  in  terms  of  sampling  intervals 
or  to  correlate  the  data  with  time. 

The  primary  instrument  involved  in  these  measurements  was  the  SPT.  This  instrument  was  used 
to  provide  transmittance  values  at  3.4  micrometers  which  could  be  entered  in  the  equation 


_  -ln(T(3,4  urn)) 
T  CL 


(14) 


where  ot^  is  understood  to  mean  oc  determined  using  transmittance  values.  It  is  assumed  that  the  path 
length  L  (5m)  was  constant  throughout  the  transmittance  measurements  (i.e.  for  times  of  approximately 
30  seconds).  C  can  be  computed  using  particle  size  distribution  and  number  density  data  or  from  QCM 
data  which  provides  C  directly  as  a  function  of  time.  A  symbol  convention  is  adopted  wherein  <  0((PSI  2)^ 
is  understood  to  mean  the  trial  time  averaged  value  of  a  determined  from  PSI  2  data  and  equation  12. 
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<aT(PSI  2)>  is  understood  to  mean  the  trial  time  average  of  a  as  determined  from  equation  14,  with  PSI 
2  data  used  to  compute  C.  In  cases  where  PSI  2  values  did  not  overlap  ln(T)  values  in  time,  samples  were 
used  which  were  a  few  seconds  apart,  A  similar  convention  is  adopted  for  data  used  from  the  Climet 
particle  size  analyzer  operated  by  Dugway  Proving  Grounds.  This  instrument  is  identified  as  PSA. 

{<  a  >}  should  be  understood  to  mean  the  ensemble  average  of  the  time  average  measurements  which  are 
within  one  standard  deviation  of  the  entire  ensemble  for  a  particular  trial.  Act  is  the  relative  standard 
deviation  for  the  population  of  measurements.  Table  II  presents  a  summary  of  these  results.  It  shows 
reasonably  good  agreement  between  the  instruments  in  nearly  all  cases.  The  exceptions  to  good  agreement 
are  found  when  the  uncertainties  are  large  or  sample  time  intervals  do  not  overlap. 

TABLE  II 

COMPARISON  OF  TIME  AVERAGED  a  VALUES  FOR  PHOSPHORUS 


TRIAL 

NUMBER 

RELATIVE 

HUMIDITY 

(*) 

<  a (PSI  1)> 
«i2/g» 

<  a(PSI  2)> 
m2/gm 

<a(PSA)> 

■2/gm 

<a  (PSI  2)> 
'  2 
■  /gm 

<  a  (PSA)> 
m2/gm 

ra^QCM)* 

m2/gm 

{<  a  >) 
s>2/gm 

+Aa(Z) 

m2/gm 

16 

100 

0.86 

1.117 

1.002 

1.14 

2.01 

0.87 

0.93 

10.6 

21 

93 

0.97 

0.75 

0.8501 

0.46* 

1.607* 

0.8342 

0.85 

10.6 

7 

83 

0.801 

0.57 

0.42 

NO 

SPT 

DATA 

0.53 

17.6 

18 

81 

0.63  , 
(0.82)J 

0.78  , 
(0.68)-’ 

0.84 

0.33* 

1.05 

0.54 

0.77 

25.7 

33 

72 

0.69 

0.62 

0.384 

NO 

SPT 

DATA 

0.56 

28.5 

30 

71 

0.66 

0.63 

0.785 

0.38* 

0.74 

3.36* 

0.70 

10.1 

24 

65 

0.63 

0.63 

0.74 

0.3* 

0.064 

0.66 

9.5 

25 

61 

0.596 

0.62 

0.45 

0.31*'2 

0.31*’2 

0.582 

0.56  , 
(0.41)Z 

13.52 
(39. )Z 

32 

58 

0.56 

0.60 

0.55 

0.241*2 

0.17*  * 2 

0.37*’2 

0.57 

(0.26r 

4.6 
(39. )Z 

1.  These 

data  deleted 

from  ensemble 

average. 

2.  a  computed  separately  from  a. 

3.  Obtained  early  In  trial. 

4.0  WAVELENGTH  DEPENDENCE  OF  MASS  EXTINCTION  COEFFICIENT 

In  this  section,  the  wavelength  dependence  of  the  mass  extinction  coefficient  is  examined  and 
a  method  is  devised  to  estimate  the  minimum  uncertainty  in  the  estimate  value. 

A  convenient  method  for  examining  the  wavelength  dependence  uses  only  the  spectral  transmiss- 
ometer  data.  It  can  be  shown  that  over  "reasonably"  short  time  intervals  where  it  can  be  assumed  that 
the  same  path  is  observed  for  wavelengths  A  and  A^  the  following  approximation  will  apply: 
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# 


<  a(X)  > 

<  Cl(XR)> 


T 


lnT(X)dt 


x 


J 


lnT(XR)dt 


(15) 


Within  the  limitation  indicated  in  section  2.1,  it  will  be  assumed  that  the  30  second  sample  time  used  by 
the  spectral  transmissoraeter  in  the  instrumentation  cluster  is  "reasonably  short".  The  left  hand  side  of 
equation  15  will  be  called  the  relative  mass  extinction  coefficient,  0^(1)  and  because  of  similar  use  in 
past  tests,  will  be  chosen  as  3.4  micrometers,  i.e. 


vx> 


<  ot(X)> 

<  a(3.4)> 


(16) 


In  order  to  express  absolute  time-averaged  extinction  coefficient  values  at  wavelengths  other  than  3.4 
ym,it  is  necessary  only  to  measure  <  a(3,4)>,  which  has  been  computed  in  detail  for  many  of  the 
obscurants  in  Smoke  Week  III,  and  multiply  by  0^(1). 

Before  proceeding  with  a  detailed  examination  of  aR(X)  for  a  number  of  different  obscurants,  a 
method  for  estimating  the  uncertainty  in  c^,  AaR,  is  presented  which  will  allow  some  insight  into  the 
"quality"  of  the  aR  measurement.  The  variation  of  any  function  ftx^  where  x.^  represents  the  "n" 
variables  Associated  with  f (x)  may  be  computed  from 

Af(xJ  “  2  M-  Ax  (17) 

1  i=i  3*i  1 

Applying  equation  17  to  aR(X)  in  equation  16  yields 


vx> 


A  <  a(X)> 
<  a(3,q)> 


<  a(X)>  A <  a(3.4)> 
<  a(3.4)>2 


Using  equation  16,  the  relative  variation  in  a  ,  leads  t:o 

K 


(18) 


A(VX:>  o  A  <  ct(X)>  _  A <  q(3. 4)> 
aR(X)  =  <a(X)>  -  <a(3.4)> 


If  it  is  assumed  that  <  a(X)>  is  uncorrelated  with  <  a(3.4)>,  then  the  root  mean  square  relative 
uncertainty  can  bo  written  os 


AaR 

1  -  + 

|  A  <  a(X)>  j  2  1 

f  A  <  a(3.4)>  \  2 

aR 

RMS 

\  <  a(X)>  j  I 

[  <  a(3.4)>  | 

(20) 


It  the  transmittance  is  written  as 


ln(T)  =  <  a(t)>  CL 
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then  the  RMS  uncertainty  In  the  time  avoraged  values  of  u  can  be  written  as 


(22) 


Generally,  the  time  integral  uncetainty  for  AC  is  much  less  than  it  is  in  the  transmission.  Hence,  the 
uncertainty  in  C  will  be  ignored  in  the  computation  presented  here  for  A<a>/<ct>,  with  the  under¬ 
standing  that  the  computed  uncertainties  represent  minimum  values  of  uncetainty  and  that  cases  do  exit 
where  the  actual  uncertainty  in  the  estimate  can  be  much  larger.  With  this  understanding, 

A  <a>  /<a>JRMS  can  be  approximated  as  t 


A<a> 


t 


J 


A£  dt 

T 


InT  dt 


(23) 


AT/T  will  be  assumed  to  be  independent  of  T  for  the  computed  values  reported  here.  AT/T  was  ostimuted 
by  averaging  the  transmittance  at  X  for  3U  second  (i.e.  30  transmittance  values)  in  clear  air  and  com¬ 
puting  the  standard  deviation  in  these  values.  These  values  ranged  from  about  0.251  to  slightly  greater 
than  1.551. 

The  above  analysis  has  been  used  to  compute  and  AaR  for  the  following  wavelengths! 

1)  6.98  ym,  2)  7. 28  um,  3)  8.05  Urn,  4)  H.5B  ym,  5)  9.58  ym,  and  6)  10,58  yin,  10.58  ym  is  the  wave¬ 
length  in  the  measured  spectral  transmittance  closet  to  10. b  ym,  which  is  of  interest  because  it  is  a 
laser  wavelength.  The  remaining  wavelengths  correspond  to  maximum  and  minimum  values  in  the  mass  ex¬ 
tinction  wavelength  spectrum  for  laboratory  measured  values  of  red  phosphorus  smoke.5 

Figure  11  plots  the  values  of  as  a  function  of  \  for  the  4  Bets  of  spectral  tiansmiHsometer 
data  obtained  for  trail  16.  The  RH  for  this  trial  vub  10051  and  the  munition  Bource  was  a  Bet  of  XM825 
WV  wedges.  The  relative  time  sequence  of  the  data  seta  is  lahuled  1-4.  Those  points  with  no  indicated 
uncertainty  range  have  valuesthat  are  less  than  or  equal  to  the  symbol  site  locating  the  data  point. 
Figure  13  clearly  indicated  significant  changes  in  Was  trial  time  increases.  Tils  is  Indicative  of  a 
nousLatlonury  mean  value.  The  genera]  trend  lor  the  phosphorus  trials  is  for  to  be  initially  large, 
reduce  to  a  smaller  value,  and  stabilize. 

Figure  14  pluts  ctu  as  a  fuuetlun  of  wavelength  for  one  sumpiu  set  each  of  trials  21  and  24, 

The  Hit  for  trial  21  Ih  SJX  whll  •  that  for  trial  24  Is  652.  The  effect  Is  startling  hut  consistent  with 

results  obtained  111  the  II teHt.  ThuHe  results  which  showed  that  below  rougnlv  1 1%  RH,  the  Integrated 
162  ext  I  net  loll  e.uef  f  lclent  far  the  8-12  micrometer  band  should  he  greater  than  tint  at  3.4  pm,  For  tin 
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[Ja ta  exam Lin'd  via  n  suggest  that  the  method  of  dissemination  can  have  a  significant  effect  on 
K 

tlic  magnitude  of  u  .  I'lgure  lb  pints  ■  t  for  a  data  set  from  trial  24  and  trial  21,  Three  5"  /uni  bulk- 
flllud  WP  rounds  were  used  in  trial  24.  Trial  25  used  two  rounds  of  XM825  WP  wedges.  Trial  24  was 
conducted  at  65%  RH,  trial  25  at  61%  RH.  The  data  sets  were  chosen  as  those  having  the  least  uncertainty 
in  ctR.  figure  15  shows  that  aR  for  the  bulk-filled  round  (trial  24)  Is  slightly  larger  than  for  the 
Wedge- filled  round. 


WAV! IINOTM  ( MICROMITItt) 


figure  15.  Comparison  of  relative  mass  extinction  coefficient 

for  phosphorus  using  two  different  methods  of  diBBemlnatlon, 

Ojj  has  been  computed  for  a  number  of  other  kinds  of  obscurants  observed  during  Smoke  Week  Ill. 

Examples  of  these  data  are  plotted  in  Figures  16  snd  17  for  fog  oil  and  HC.  Figure  16  shows  that 

even  for  fog  oil  smokes  may  be  strongly  dependent  on  the  generator.  In  these  data  the  M3A3  generator 

was  not  In  stable  operation  and  produced  a  cloud  which  had  relatively  large  numbers  of  fog  oil  droplets. 

In  this  way.  the  extinction  coefficient  in  the  6-12  micrometer  range  could  be  made  quite  large  as 

compared  to  that  for  the  VEESS  generator., which  produced  few  oil  droplets  after  stabilised  operation. 

Figure  17  shows  that  HC  yleldB  an  extinction  coefficient  which  is  comparable  to  that  for  phosphorus 

for  relative  humidities  less  than  70%.  The  large  uncertainties  in  these  data  arise  from  the  relatively 

pour  extinction  by  these  nmokes.  aD  has  also  been  computed  for  the  broadband  XR  screeners  examined 

rv 

during  Smoke  Week  ill,  These  data  are  classified  and  presented  elsewhere.6 
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Figure  16,  Comparison  of  relative  mass  extinction 

coefficient  for  fog  oil  for  two  different  generators, 

(notes  trial  B  corresponds  to  unstable  generator  operation 
trial  13  corresponds  to  normal  seneraior  operation). 
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Figure  17.  Relative  mass  extinction  coefficient  as  a  function  of 

wavelength  for  hexachloroethane. 


5.0  SUMMARY  AND  CONCLUSIONS 

Many  data  obtained  from  the  cluster  of  instruments  operated  during  the  Smoke  Week  III  trials 

3 

have  been  found  to  be  internally  consistent  and  consistent  with  data  obtained  during  the  H  S  trials. 
However,  because  of  the  increased  instrumentation  capability  available  with  the  instrumentation  cluster, 
considerable  insight  has  been  gained  into  the  range  of  values  which  can  be  generated  through  the  use  of 
different  kinds  of  instruments  to  sample  the  same  cloud.  Furthermore,  because  much  of  the  instrumentation 
provided  time  resolved  measurements,  new  information  has  been  obtained  which  will  provide  a  greater 
understanding  of  the  dynamic  properties  of  obscuration  clouds. 

Mass  extinction  coefficients  were  computed  using  particle  size  distribution  data  and  the  same 
assumptions  used  to  compute  a.  These  data, like  those  for  a, also  show  a  time  dependent  character. 
Variations  in  a  as  determined  by  various  instruments  are  not  nearly  as  large  as  those  observed  for  a. 

The  trial  average  values  measured  for  phosphorus  are  in  reasonable  agreement  with  those  measured  in  the 
H3S  test. 

a  values  for  3.4  micrometers  computed  for  phosphorus  smokes  from  the  particle  size  distributions 
were  compared  with  those  values  determined  from  time  averaged  concentration  and  short  path  transmittance 
measurements.  Altogether,  6  independent  estimates  were  compared  for  this  study.  It  was  usually 

necessary  to  remove  1  or  2  estimates  which  were  signiflcuntly  different  from  the  ensemble.  (This  is  not 
to  say  that  the  measurement  was  erroneous  —  only  that  it  was  not  consistent  with  the  time  averages  ob¬ 
tained  with  other  values.)  The  average  variation  in  the  ensemble  of  measurements  in  this  case  was  about 
1 SL  and  ranged  between  4.5  and  26%.  The  grentestdiscrepancies  found  ir  the  a  values  computed  from  the 
size  distributions  and  the  concentration-transmittance  values  occurred  at  relative  humidities  below 
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about  707.. 

Differences  in  spatial  locations  of  two  or  more  Instruments  may  lead  to  errors  when  their  data 
are  used  to  compute  the  extinction  coefficient.  If  the  measurements  are  acquired  at  a  uniform  rate,  then 
Fourier  analysis  can  be  used  to  eliminate  or  reduce  the  error.  The  Fourier  temporal  spectrum  of  the 
extinction  coefficient  was  computed  using  the  short  path  transmittance  for  3.4  micrometers  and  the 
quartz  crystal  mass  monitor  data,  i'he  results  of  this  analysis  show  a  broad  range  uf  values  of  *,  n 
was  found  to  vary  aignif  lunfcigMttt  only  over  the  entire  trial  time, but  also  over  intervals  as  short  as 
2  seconds,  The  value  obtained  for  a  was  found  to  depend  strongly  on  how  the  measurements  were  averaged 
in  time,  e.g,,the  arithmetic  time  average  was  usually  found  to  be  larger  than  the  root-muan  square 
average.  The  length  of  the  time  record  was  also  found  to  significantly  affect  the  time  average.  The 
longer  time  records  yielded  values  smaller  than  the  short  time  records.  This  result  suggests  that  a 
reason  for  past  field  methodology  yielding  values  significantly  different  than  those  measured  on  a  short 
time  basis  such  sb  might  be  achieved  with  a  particle  sizing  system  is  .  that  a  la  a  function  of  time 
with  a  non-stationary  mean. 

This  method  of  data  analysis  was  also  found  useful  for  obscurants  produced  by  mechanical 
generators.  In  Bomu  cases,  apparent  generator  effects  on  a  values  or  cloud  uniformity  were  apparent. 

The  short  path  transmlssometer  data  were  used  to  compute  the  variation  of  the  masB  extinction 
coefficient  as  a  function  of  wavelength  relative  to  that  for  3,4  micrometers.  These  results  also  show  a 

time  dependenci  of  the  extinction  coefficient  for  wavelengths  other  than  3.4  micrometers. 

The  HU  dependence  for  XM825  WP  wedges  wsb  found  to  be  consistent  with  that  observed  In  the 

H3S  test  (a  in  the  8-12  pm  hand  is  smaller  than  3.4  um  until  an  Rll  of  71*  is  reached,  at  which  point 
it  is  larger)  ,  oi  for  phosphorus  sb  a  function  of  wavelength  was  also  found  to  be  dependent,  on  the 
method  of  dispersal. 

a  for  fog  oil  and  HC  was  found  to  bu  roughly  10-20%  that  of  WF  in  the  range  between  8  and  12 
micrometers. 

A  method  Tor  estimating  the  minimum  uncertainty  in  the  relntivu  extinction  coefficient  was 
developed.  This  uncertainty  typically  was  found  to  run  about  10%  but.  some  values  were  greater  than 
11107,  This  method  provides  a  logical,  approach  to  estimating  the  quality  of  the  measured  values, 
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ABSTRACT 

Absorption  to  extinction  ratios  (or  experimental  countermeasure  "smokes"  end  soil-based  dust  lofted 
by  high  explosives  were  measured  at  10ns  wavelengths  during  the  tests  of  Smoke  Week  111  by  using 
specially  designed  field  spectrophonee •  These  ratio*  permit  contrast  modeling  of  the  effects  on 
Electro-Optical  (EO)  systems  by  providing  accurate  proportion*  of  total  absorption  and  scattering'  The 
spectrophones,  which  have  an  inherently  high  dynamic  range,  are  not  hampered  by  saturation  affects  and 
thus  provide  a  time  history  of  the  magnitude  of  tha  absorption  within  the  smoke  cloude  for  media  which 
absorb  at  10pm.  The  magnitudes,  which  ranged  downward*  from  about  10z  km'1,  and  the  fluctuatloncl 
properties  are  described  In  this  paper. 


I .  INTRODUCTION 


Our  problem,  Ln  general  terms,  Is  the  effect  of  the  gases/aerosole  of  the  tactical  battlefield, 
natural  and  countermeasure,  end  gaseous  and  particulate,  on  EO  systems.  Whan  the  objective  ii  to  learn 
how  aerosol  clouds  disperse  for  tha  formulation  or  validation  of  module  which  extend  prediction  of 
behavior  to  other  spatial  and  time  domains  and  not  simply  for  the  binary  question  of  screening  effec¬ 
tiveness,  actual  and  accurate  magnitudes  of  the  aerosol  parameters  are  required.  To  obtain  these 
quantitative  values  for  propagation  parameters  and  correlative  source  densities,  spatial  and  temporal 
resolution  (in  situ  mcasursmants)  as  well  as  s  large  dynamic  range  are  required.  Ideally  one  would  use 
a  remote  sensing,  raster  scanning  Ildar  with  high  spatial  resolution  capable  of  uniquely  Identifying 
constituent  sixes,  densities,  and  propagation  properties,  Such  a  system  in  clearly  In  the  future  and 
probably  will  r»qutre  multiple  wavelengths  and  possibly  blstatlc  geometry. 


Transmlssoraeters,  which  sre  particularly  relevant  to  the  binary  question  of  screening  effectiveness, 
(assuming  relevant  spectral  response)  are  not  nearly  ai  well  suited  to  the  determination  of  magni¬ 
tudes.  The  ttsnsmlsslvlty ,  T,  msy  be  converted  through  Beer's  law  to  the  propagation  coefficients  which 
In  turn  are  closely  related  to  the  aerosol  densities  and  than  mass  loading.  Limitations  on  this 
procedure  arc  several  and  depend  on  Integrated  path  length,  obscurant  cloud  depths,  and  instrumental 
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accuracies.  Thu  latter  leads  to  a  Halted  credible  dynamic  range  In  T  (leas  chan  one  order  of  magnitude 
[Myers,  1 980 1 )  and  to  quite  a  variable  dynamic  range  In  the  propagation  coefficients.  To  summarlee,  for 
shurt  obscurant  cioud  depths,  low  coefficients  are  nut  measi. 'eable .  Por  example  at  in'2  km,  by  the 
above  criterion,  the  extinction  coefficient  which  could  he  me.  .ut!  w-nld  start  at  >  ID  km'1.  For 
longer  obscurant  cloud  depths,  for  example,  greater  chan  JO"  >-  ,  the  dynamic  range  la  much  too  amall  to 
encompass  realistic  obscurant  magnitudes,  that  is,  1  to  >  100  km“l.  Further,  If  the  spatial  profile  of 
the  source  density  is  not  well-known  through  other  (multiple)  measurements,  that  error  In  the  exponent 
will  yield  relatively  large  errors  In  the  determination  of  the  propagation  coefficients.  Finally, 
optical  turbulence  and  amblant  fluctuations  In  tha  axtinctlon  over  the  entlra  optical  pathlangth  may 
degrade  data  severely  while  temporal  smoothing  must  be  limited  for  dynamic  events, 

Spectrophonea  end  particle  counters  as  a  correlative  pair  offer  a  currently  available  alterna¬ 
tive-  The  measurement  of  each  la  related  to  the  aaroaol  maaa  loading-  Spectrophonea  measure  a  quantity 
which  la  proportional  to  the  absorption  coefficient  and 

a-  are  In  situ,  real-time  measurements 

b.  are  point  samplers  „ 

c.  have  very  high  dynamic  range 

d.  may  be  oparated  at  Infrared  (IR)  window  wavelangtha  with  existing  lasers,  for  example, 
1.06pm,  l.lpm,  3.4pm,  3.3pm  to  4.1pm,  9.2pm  to  11.3pm,  and  near  millimeter  wavtlength*. 

Point  measurements  of  tht  asrosol  might  be  performed  as  the  cloud  Is  swept  by  the  wind  past  the 
tnutrumnntat ion  as  It  was  at  Smoke  ill.  If  the  cloud  lavelopa  slowly  relative  to  the  wlndspeed  et  the 
location  of  the  tnatrumentatlon ,  cloud  epatial  pro1  leu  for  the  direction  of  cloud  motion  can  be 
obtained  with  minimal  Instrumentation. 

The  Integrated  field  spectrophonea  of  this  paper  and  In  general  field  uae  by  this  group  combine 
measurements  of  the  absorption  cosfflcsnts  with  a  coincident  short  path  tranimtssometer,  These  latter 
data  are  converted  to  extinction  coefficients.  This  convereion  provides  the  components  of  the  extinc¬ 
tion  coefficient  needed  for  contraet  modeling,  that  la,  the  extinction,  the  absorption  coefficient,  end, 
by  subtraction,  thu  total  scattering  coefficient.  This  procedure  provides  a  much  stronger  determination 
of  the  components  than  ie  possible  with  techniques  employing  transmission  and  scattering  data. 
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Th‘>  application  of  spectrophones  to  aerosol*  requires  more  caution  than  (or  gases  because  the  time 
required  for  the  energy  transfer  from  the  absorption  process  to  ktnetlc  energy  In  the  gaseous  medium  may 
be  relatively  long,  thua  Interacting  with  optical  chopping  frequencies  and  also  causing  decreased  coupl¬ 
ing  to  acouttleal  modes*  The  first  order  effects  on  time  response  depend  on  particle  radius,  absorption 
coefficients  for  the  bulk  material,  and  thermal  dlf fustvlties  of  the  bulk  material  and  the  atmosphere, 
Becausa  the  models  are  quite  complex,  chose  chosen  represent  bound*  tor  the  problem.  Aerosol*  are 
studied  In  the  laboratory  to  verify  operating  parameter*  that  accurately  represent  the  absorption  coef¬ 
ficients. 

2.  SPECIFIC  APPLICATIONS 

* 

Prior  to  aaroaol  applications,  spectrophonea  at  the  Atmospheric  Sciences  Laboratory  (ASL)  were 
developed  and  applied  to  gaseous  absorption  (for  example,  Bruce,  1975;  Bruce,  1976a),  Briefly,  our 
first  epectrophona  measurements  ware  Intended  to  Identify  absorption  coefficients  for  naturally  occuring 
and  trar.e  pollutant  gasec  at  XR  window  wavelength*.  Thane  ere  listed  in  Table  I. 

TABLE  X.  SPECTROPHQNE  MEASUREMENTS  OF 
ABSORBING  GASES  AT  IR  WINDOW  WAVELENGTHS 


Hum) 

(3pm  to  4um) 

(9pm  to  11pm) 

A 

* 

trace  gas 

h2o 

°3 

survey 

HDO* 

NHj* 

* 

* 

d2o 

czh4 

ch4* 

h20* 

SFb 

Following  this  scries  of  measurements,  concentrations  of  atmospheric  gaseous  constituents  at  the 
White  Sandu  Missile  Range  remote  sites  were  measured  largely  using  these  absorption  spectra.  The  con¬ 
centration!  were  determined  by  a  gelf-conslsteucy  analysis  based  on  the  uniqueness  end  sharpness  of  the 
molecular  spectra  (Samuels  at  al,  1978), 
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Next.,  in  situ  spectrophones  were  applied  to  particulate  aerosol  a,  the  first  Buch  published  applica¬ 
tions  (Bruce,  197bb;  Bruce  and  Plnnlck,  1977).  The  Interest  was  primarily  battlefield  aerosols. 

Aerosols  subjected  to  ASL  environmental  chamber  measurements  to  date  are  (all  at  9pm  to  Upm 
wavelengths  plus  exceptions  noted) 

S102,  crystalline* 

Calcite* 

(NH^)2S04* 

Dust  of  soil  saoples  from  Germany  and  various  White  Sands  Missile  Range, 

New  Mexico,  sites  and  depths* 

Smoke  of  phosphorus  (red  phosphorus  [HP])  (1.06pm,  3pm  to  4 urn , 
and  9pm  to  11pm) 

Hexachloroethane  (HC)  smoke. 

The  spsctrophone  systems  and  proctdures  used  for  the  aerosol  studies  havs  bean  dsacribsd  in  various 
publlcatlone  (for  example,  Bruce,  1976a;  Bruce,  1976b;  Bruce  and  Plnnick,  1977;  Bruce  et  al,  1978). 
Application  of  aeroaol  spectrophones  to  field  measurements  of  absorption  has  also  been  reported  by  the 
authors  (Bruce  ct  el,  1900;.  Several  systems  have  been  designed  for  relstlvsly  specific  applications. 

The  first  field  apectrophone  system  was  quite  elaborate  and  was  designed  to  survey  and  separate 
gaseous  and  particulate  absorption  in  the  atmosphere.  In  the  first  field  measurements,  results  wore 
compared  with  those  calculated  on  the  basis  of  particle  counter  data  Sampling  errors  weru  Indicated  in 
windy  situations  and  higher  than  expected  ambient  gaseous  absorption  may  have  resulted  from  the  presence 
of  operating  personnel. 

Following  this,  systems  were  designed  specifically  to  study  battlefield  aerosols  In  situ  under  a 
wide  dynamic  range  of  mass  loadings.  Figure  1  is  a  schematic  of  such  a  system.  This  system  was 
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designed  for  measurements  at  wavelength*  between  10. 3p*  end  10. Sun  and  Incorporate*  a  C02  later  with 

line  atablllzation  by  optical  feedback  through  an  alaetronLc  servo  loop  controlling  optical  cavity 

length.  Thla  system  will  stablllea  on  any  of  about  1  to  7  later  lines  (once  an  operational  equilibrium 

Is  established)  and  will  also  cycle  through  any  preselected  sequence  of  these  linos  (up  to  four), 

remaining  on  each  line  for  preselected  per  led  a .  Hit  beam  chopper  1*  a  apaclal  unit  designed  by  Bui  ova 

end  la  mounted  In  an  acouatlcally  Isolated  cell.  Figure  1  algo  show*  the  brtam  path  and  the  aerosol 

intake  ball.  The  optical  geometry  of  thla  latter  section  la  designed  to  mlnlaiae  disturbance  of  the 

Intake  airflow.  Tha  apectrophone  houaaa  an  acouatlcally  isolated  r« sonant  (longitudinal  raaonanca) 

inner  cavity  with  Integral  microphone  diaphragm  (Sruce,  117 la;  Brace  at  al>  1976).  Window*  (BaFz)  aay 

be  uaad  In  both  end*  of  the  epectrophono  for  baking  and  pumping  cycle*  to  eliminate  ayatwm  related  trace 
» 

absorption  and  also  to  allow  calibration  with  premixad  high  purity  gaseous  mixture*.  Figure  2  show*  a 
prameasurement  calibration  in  prwgrea*  during  tho  measurement*  taken  at  US  Army  Missile  Command  (M1C0M) 
(Bruca  at  *1,  1981).  Calibration  check*  war*  also  performed  «n  alt*.  Figure  3  la  a  schematic  of  tha 
technique  used  for  the  Saoke  Weak  III  calibration  and  measurement  cycle*  that  wort  obtained  alnply  by 
the  Indicated  twitching  process,  that  la,  either  forward  airflow  through  the  Intake  ball  or  backflow 
through  the  system  when  the  calibration  nlxtura  la  aalactnd.  Thaee  result*  are  occasionally  compared 
with  reaults  of  the  flll-from-vacuum  methed  of  Figure  3. 


Figure  1.  Schematic  diagram  a f  10  we  Integrated  Held 
epectrophono  eyatea  Indicating  been  path, 
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Figure  2.  Calibration  checkout  at  MICOM  (July  1980) 
prior  to  field  measurements' 


Figure  3.  Schematic  representation  of  field  calibration  procedure. 

Figure  4  shows  the  measurement  system  at  Smoke  tit.  A  spectrophone  and  various  particle  counters 
and  nephelorae ters  were  mounted  on  the  upper  level  at  about  2.6  m  above  ground  level,  Another  Bpec- 
trophone  was  mounted  about  1.2  ra  above  the  ground  level  (to  the  right  of  the  photo). 

Spectrophone  data  were  limited  to  the  10pm  window  for  these  measurements*  In  this  region*  HC  and 
diesel  oil,  for  example,  were  known  to  be  very  weakly  nbaorbing.  Therefore,  significant  absorption  was 
expected  only  for  the  smoke  of  phosphorus,  the  experimental  smokes,  and  soil-based  duBt,  if  any. 

Several  general  observations  may  be  made  concerning  a  comparison  of  the  Smoke  III  data  from  the 
spectrophones  at  the  1.2-  and  2.6-tn  levels.  The  spectrophone  calibrations  were  performed  separately  snd 
were  not  subsequently  adjusted  in  any  way.  However,  in  every  available  case,  the  two  peak  absorption 

coefficients  were  quite  close.  The  remainder  of  the  profiles  show  more  variable  agreement  although 
In . 
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each  case  most  features  are  similar.  Figure  5  shows  typical  examples  of  results  for  the  smoke  of 
phosphorus  and  for  experimental  smoke.  The  temporal  correlation  Is  quite  good  despite  the  separation 
and  difference  In  height.  Temporal  correlation  of  the  spectrophone  and  counter  data  will  be  presented 
In  papers  by  Pinnlck  (1981)  and  Garvey  (1981).  Generally,  agreement  here  is  also  fairly  close.  However, 
attempts  to  correlate  these  data  with  those  of  the  ASL  lOvm  X  transmissometers  (Butterfield,  1981)  are 
less  successful.  Figure  6  shows  examples  of  these  attempts.  The  examples  have  been  divided  Into  two 
groups:  those  that  correlate  well  temporally,  and  those  that  do  not.  In  the  latter  category  are 

examples  for  which  the  time  span  of  the  attenuation  is  the  only  point  at  which  the  agreement  Is  even 
nearly  approximate.  Agreement  in  magnitudes  is  expected  to  occur  for  the  smoke  of  phosphorus  only , 
‘since,  in  this  case,  at  lOym  X  ,  the  extinction  and  absorption  coefficients  are  very  close  (Bruce  et  al, 
1980).  In  any  case,  the  extinction  coefficients  should  be  greater  than  the  absorption  coefficients. 

* 

The  log  of  the  measured  quantity  is  actually  -  J'  e(x)dx  integrated  across  the  extent  of  the  aerosol 
cloud  along  the  line  of  sight  for  the  transraissometer .  Since  there  is  insufficient  data  to  evaluate 
this  quantity  for  the  appropriate  dimension,  the  approximation  <e>  L  could  be  substituted.  This  approx¬ 
imation  can,  of  course,  be  expected  to  be  significantly  in  error  for  comparison  of  actual  magnitudes  at 
points  within  the  cloud.  The  values  of  the  outer  scale  on  the  ordinate  for  each  graph  of  figure  6 
represent  this  Integral  and  are  scaled  for  maximum  correlation  with  the  spectrophone  results.  The 
effective  cloud  depth  apparently  varies  significantly  (a  cloud  of  the  order  of  0.1  to  0.2  km  is 
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Flgute  5.  Spectrophone  aeaaureaenta  of  absorption  coefficients 
for  aavaral  testa  of  Saoka  Weak  III  at  two  altaa  aaparatad  by  about  i  a  at 
approximate  height#  of  1.2  ■  {"laser")  and  J  a  ("upper")  abava  the  ground  level. 
Subetaneaa  are  Identified  In  table#  III  and  IV. 
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Figure  6.  Superimposed  log  of  transmissometer  (/e(x)dx,  unities*) 
end  spectrophone  (a,  km"‘)  measurement*  as  Function*  of  time  tor  several 
Smoke  Week  III  tests.  Sub',tance«  are  identified  in  tables  III  and  IV. 
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typical).  For  reaiona  that  art  not  clear,  thaae  valuea  art  generally  high.  An  extinction  measurement 
which  doaa  not  have  the  above  mentioned  problem  of  uncertain  effective  cloud  depth  la  illustrated  In 
figure  7  where  plots  for  the  upper  and  lower  spectrophone  and  the  extinction  measured  within  the  same 
system  are  shown.  The  three  results  are  In  fairly  close  agreement.  Of  course,  the  extinction  values 
become  much  less  accurate  aa  tha  extinction  coefficient  decreases  to  lower  valuea.  The  useful  threshold 
hare  is  about  20  km-1,  which  is  relatively  low  because  tha  system  is  nearly  closed  and  optical  noise 
(for  example,  that  due  to  turbulence  and  irradlance)  is  minimal  and  the  duration  of  tha  signal  is  brief 
so  that  basellna  power  drift  is  also  minimal.  Note  that  although  the  absorption  and  axtlnctlon  coef¬ 
ficients  may  vary  graatly  with  time,  the  particle  else  distribution  is  unlikely  to  fluctuate  signifi¬ 
cantly;  therefore,  the  ratio  of  the  absorption  to  extinction  coefficients  will  be  nearly  constant,  This 
means  that  the  rstio  can  be  taken  at  high  magnitudes  of  tha  extinction  coefficients  (when  such  occur), 
end  the  remainder  of  the  profile  la  not  needed.  This  measurement  was  obtained  for  two  experimental 
amokas,  IR  1  and  2,  and  aoll-based  dust.  Table  II  shows  tha  ratios  for  these  tests  and  for  Eglln  soil- 
baeed  dust  from  another  test. 
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Figure  7.  Extinction  (upper  spectrophone)  and  absorption  coefficients 
(upper  and  lower  spectrophones)  as  functions  of  time 
for  Smoke  Week  III  test  number  31  (IR  2). 


TABLE  II.  RATIO  OF  ABSORPTION  TO  EXTINCTION  COEFFICIENTS 
FOR  THREE  AEROSOLS  OF  SMOKE  WEEK  III 


Substance 


Expectation 
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Data  for  these  tests  are  summarised  In  Tables  III  and  IV.  The  smoko  of  phosphorus  was  expected  to 
be  quite  effective  for  10pm  X  screening  which  Is  Indicated  from  these  field  measurements.  The  particles 
are  small  (easily  lofted  and  buoyant),  have  fairly  high  mass  absorption  coefficients,  scatter  a  vary 
small  proportion  at  10pm  \  (about  4X),  and  are  relatively  easy  to  disperse.  The  ratio  a/ 1  Is  Just  about 
reversed  for  WP  and  RP  smokes  In  the  visible  vhure  scetterlng  predominates  (reducing  contrast  though 
weakly  absorbing).  Table  IV  shows  smoks  density  as  measured  on  the  Instrumentation  pad  to  be  quite 
variable  from  cloud  to  cloud.  A  large  pert  of  thle  variability  result*  from  the  fact  that  the  aaroiol 
clouds  did  not  neceaearlly  Intersect  the  inetrumentttlon  pad,  dua  either  to  lifting  or  change*  in  wind 
direction.  At  loaat  11  (of  42)  teet  cases  were  obaervebly  In  thle  category.  Results  for  smokes  othsr 
than  that  of  phosphorus  srs  included;  for  example,  PEG  200  lndlcstts  •  quite  low  peek  ebeorptlon  for  the 
single  test  for  which  we  had  valid  data.  The  alkali  chloride  tests  yielded  very  low  10pm  absorption 
coefficients  despite  the  high  relative  humidity. 

The  dynamic  range  of  the  epectrophonei  1*  not  challenged  by  the  magnitudes  encountered  In  these 
tests  (having  bean  used  to  measure  absorption  coefficients  from  lass  than  10-1  to  more  then  103  km "‘) 
and  the  values  of  ebeorptlon  coefficient  for  these  teste  are  expected  to  be  quite  accurate  with  regard 
to  peak  magnitudes  (within  til  percent)  and  to  be  linear  to  within  the  same  figure. 
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TABLE  III.  SUMMARY!  DATA  FOR  TESTS  INVOLVING  IR  1.  2,  3 


Date 

(Aug  1980) 

Official 

Teat 

Number 

Value  for 
Abaorptlon  to 
Extinction 

IR  Coefficient 

Number  Host  Ratio  ( a/e ) 

PMS 

Particle 

Counter 

Data? 

Peek 

Absorption 

Coefficient 

Upper /Lower 
Spectrophone, 
Nephelomoter 

Plot(s) 

11 

6 

1  Fog  Oil 

Yes 

l  L  km"  1 

Upper 

u 

12 

10 

3 

No 

4.7,  8.8 

Upper 

12 

a 

1  0.20 

No 

19  km-1 

Upper 

a 

14 

14 

2 

Yss 

73  kn"1 

Upper 

a 

13 

20 

2  0. 34 

Of 

Yes 

13,  32 

Upper/ 

Lower 

at 

16 

26 

2 

Yes 

45 

Upper/ 

Lower 

a 

18 

27 

2 

No 

0.27  km”1 

Nephe- 

lometar 

19 

31 

2  0.39 

No 

58 

Upper/ 

Lower 

a,  g 

20 

35 

2 

No 

<0.02  ka_1 

Naphe- 

lometer 

21 

38 

1  0.24 

Ysi 

Upper 

21 

39 

2 

Yes 

>1.7  km-1 
<3  km-1 

Nephe- 

loraeter 

Upper 

21 

40 

2 

Yes 

0.05  km-1 

Nephe- 

lometer 

21 

41 

1  Fog  Oil 

No 

3.9  ka  1 

Upper 

21 

42 

2 

Yes 

<3 

Upper 
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TABLE  IV. 

SUMMARY!  DATA 

FOR  REMAINING  OBSCURANTS 

Date 

(Aug  1980) 

Official 

Test 

Number 

Obacurant 

PMS 

Particle 

Counter 

Data? 

Peak 

Absorption 

Coefficient 

Upper/Lower 

Spectrophone, 

Nepholomtiter 

Plot(s) 

11 

1 

RP 

No 

>1.7 

<3 

Nepheloraeter 

Upper 

11 

5 

PEG  200 

Yet 

>1.7 

<4 

Naphelometar 

Upper 

12 

7 

PWP 

No 

>1.7 

<2 

Nephe lone ter 
Upper 

13 

12 

VEESS 

Y«« 

2.97  km"1 

Upper 

14 

15 

PEG  200 

Yel 

9 

Upper 

a 

14 

15 

PEG  200 

Yel 

9 

Upper 

a 

13 

16 

WP 

No 

No 

15 

IB 

HN 

Yei 

50 

Upper/ 

Lower 

a 

16 

21 

WP 

Yal 

No 

16 

23 

RP 

Yel 

0.09 

Naphelometar 

16 

24 

PWP 

Ylt 

26 

Upper/ 

Lower 

16 

23 

WP 

Yea 

10 

Upper 

18 

28 

HE 

No 

17.8 

Upper 

18 

29 

Vehicular 

Du»t 

No 

<0.1 

No 

18 

30 

RP 

Yea 

100 

Upper/ 

Lower 

a 

19 

32 

WP 

Yea 

31.7* 

No 

a 

19 

33 

WP 

Yea 

>1.7 

<5 

Naphelometar 

Upper 

a 

19 

34 

Alkali 

Chloride 

No 

<3 

Upper 

20 

36 

Alkali 

Chloride 

Yea 

>1.7 

<5 

Upper 

20 

37 

HE 

Duat 

Yea 

0.83 

Nepheloraetar 

*Abiorptlon 

■  pike  (at 

■tart)  Includes 

duat  from  detonation. 
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IN  SITU  MEASUREMENTS  OF  PHOSPHORUS  SMOKZS  DURING  SMOKE  WEEK  III 


D.  M.  Garvey,*  C.  Fernandes,  C.  W.  Bruce,  and  R.  G.  Pinnick 
US  Army  Atmospheric  Sciences  Laboratory 
White  Sanda  Missile  Range,  New  Mexico  68002 

ABSTRACT 

Tha  temporal  variation*  in  the  ala*  distributions  of  phosphorus  smokes  generated  by  a  number  of 
techniques  during  Smoke  Weak  III  ware  measured  using  a  combination  of  optical  particle  counters 
manufactured  by  Particle  Measuring  Systems  (PMS).  Simultaneous  measurements  of  tha  absorption 
coefficient  at  10,6pm  wars  mads  using  a  COj  laser  spactrophons.  Relative  humidities  during  the  sample 
<  period  varied  from  38  to  93  percent!  peak  mass  loadings  inferred  from  the  measured  else  distributions 
ranged  from  0.02b  to  0.23  g/m3.  Mass  loadings  greater  than  0.1  g/m3  were  found  only  during  the  first 
minute  of  ubout  half  the  tests,  and  there  was  evidence  that  the  euhmloron  particle  countsre  ware 
saturated  during  these  times,  Oenarslly  both  tha  number  concentration  end  mean  particle  radius 
decreased  thereafter.  For  teats  in  which  the  pssk  measured  mass  loading  was  leas  than  0.03  g/m3,  site 
distributions  remained  relatively  constant  and  war*  similar  to  those  found  during  the  latter  part  of  the 
*  tests  with  initially  high  mats  loadings,  namely,  a  principal  mods  at  r  <  0.2pm  and  a  secondary  mode  at 
r  n  2pm.  Tim*  correlation  of  calculated  mats  loadings  with  the  spectrophon*  measurements  was  generally 
good  and  indicated  a  mass  absorption  coefficient  of  the  order  of  0,3  mz/g,  though  this  value  varied 
significantly  from  test  to  test, 


1.  INTRODUCTION 

The  amount  of  water  absorption  by  hygroscopic  smokes  as  a  function  of  relative  humidity  can  bt 
predicted  from  empirical  and  theoretical  considerations  (HMnsl,  1976(  Fltsgarald,  1975),  and  the  growth 
of  phosphorus  smoke  particles,  in  particular,  has  been  modeled  by  Frlckul  at  al  (1979),  HMnal  (1978), 
and  Tarnove  (1980),  among  others.  Attempts  to  verify  these  growth  models,  particularly  in  field 
experiments  (Farmer  et  el,  1980),  have  been  hampered  by  a  number  of  factors,  including  differsneas  in 
tha  smoke  generation  procedures.  The  principal  obstacle,  however,  appears  to  bs  the  lack  of  a  fast 
response  particle  measuring  system  which  can  consistently  and  accurately  sis*  particles  of  radii  from 
i.0.05|im  to  10pm  in  the  very  high  concentrations  ( >10®  cm-3)  characteristic  of  military  smoke  clouds. 


To  meet  this  need,  we  have  assembled  a  system  of  three  Particle  Measuring  Systems  (PMS)  optical 
particle  counters,  including  the  ASASP-X  and  tha  CSASP-100.  These  probes  end  their  calibrations  have 
been  described  by  Garvey  et  al  (1980)  and  Plnnlck  et  al  (1979),  During  Smoke  Week  III,  this  system  of 
probes  was  used  to  measure  tha  phosphorus  smokes  generated  by  a  number  of  techniques.  They  were 
situated  2.5  ra  above  the  ground  in  close  proximity  to  a  COj  later  spectrophone  operated  at  10.6pm  (see 
Bruce  «t  al,  1961),  The  ranges  of  the  probes  were  set  so  that  particles  from  0,1pm  to  10pm  in  radius 
were  Bleed  and  counted. 


^National  Research  Counclt  Senior  Research  Associate  on  ’eavn  from  Department  of  Atmospheric  3cience, 
Colorado  State  University,  Fort  Collins,  CO. 
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The  principal  objactivaa  of  the  ilia  distribution  measurements  werai 

a.  To  determine  the  functional  dependence  of  the  particle  sizes  on  time; 

b.  To  dataraina  tha  functional  dapandanca  of  tha  particle  alias  on  relative  humidity; 

Ci  To  obtain  an  analytic  expression  which  accurately  parametertaes  tha  particle  concentrations  and 

slsesi 

The  slsHiltaneous  absorption  measurements  made  with  the  spectrophone  were  used  together  with  tha 
optical  particle  counter  reaulta  to  yield  experimentally  determined  mesa  absorption  coefficients  at 
10i6um.  Since  tha  extinction  at  10.6pm  Is  known  to  be  absorption  dominated,  these  values  can  be  used  to 
provide  reasonable  eatlmatea  of  the  mesa  extinction  coefficients  (Pinnlck  end  Jennings,  1980), 

2.  SIZE  DISTRIBUTION  MEASUREMENTS 

Size  distributions  of  phosphorus  smokes  as  a  function  of  time  ware  measured  during  seven  trials  of 
Smoke  Weak  111,  Tha  else  distributions  (dN/dr)  obtained  by  the  three  probes  at  a  time  close  to  that  of 
maximum  concentration  for  each  trial  are  shown  In  figures  1  through  7,  The  discrepancy  among  the  three 
probes  la  disturbing,  particularly  since  the  Instruments  were  found  to  calibrate  properly  with 
polystyrene  spheres  prior  to  the  start  of  the  tests.  Also  evident  from  these  figures  la  the 
deterioration  In  the  response  of  probe  B  during  the  course  of  the  teatii  A  feature  which  both  probss  A 
and  B  show  in  trials  18  and  30  (flgurss  l  and  3)“-en  apparent  peak  In  the  distribution  for  0.3Pm  <  r  < 
0.7pm — haa  been  found  in  laboratory  tssts  with  probe  A  to  be  an  artifact  caused  by  high  concentrations 
of  large  particles  saturating  the  probe  amplifier.  In  figures  3,  4,  6,  and  7,  a  mode  (a  plateau  In  the 
distribution)  at  r  t  2.0pm  is  evident.  This  feature  also  appears  latar  during  the  other  trials,  ss  can 
be  seen  In  figure  8,  which  shows  the  probs  responses  during  trial  21,  about  3  minutes  later  than  those 
shown  In  figure  2.  It  has  not  been  determined  whether  this  mode  Is  rsal  or  an  artifact  of  the  response 
curve  of  probe  C. 

In  the  analysis  preiantad  here,  it  is  assumed  that  probe  C  accurately  counts  and  sisaa  the  particles 
with  radii  greater  then  1pm.  If  It  Is  further  aeaumsd  that  the  concentration  of  submlcron  particles  la 
not  significantly  greeter  than  that  implied  by  the  peak  concentration  measured  by  probe  A,  then 
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undercounting  of  the  aubraicron  particles  does  not  lead  to  serious  errors  In  our  satinets  of  an 
Integrated  quantity  such  as  mass-  However,  undercounting  of  the  submicron  particles  can  lead  to  large 
errors  In  average  quantities  such  as  the  mean  volume  radius, 

A  summary  of  tha  results  from  ell  of  the  trials  iu  given  in  table  1> 

3.  TIMS  EVOLUTION  OF  THS  PARTICLE  SIZE  DISTRIBUTIONS 

We  make  three  assumptions  concerning  the  Interaction  of  the  phosphorus  smoke  with  the  ambient 
atmosphere i 

a,  The  wind  it  relatively  steady  In  both  apaed  and  direction  so  that  tha  ventilation  and  dispersion 
ratea  are  constant, 

b.  Tha  smoke  particle*  assume  their  equilibrium  ilaei  In  time*  ehort  compared  to  the  travel  time 
from  source  to  sensors. 

o.  The  phoephoru*  le  mixed  with  air  in  sufficiently  low  concentration*  ao  that  tha  local  humidity 
is  not  significantly  raduoad.  For  the  high  ambient  temperatures  of  Smoke  Weak  III,  thl*  assumption  iu 
quits  good,  but  this  msy  not  bs  trus  in  coldsr  anvlronmsnts.  Using  Tarnovt's  (1980)  valuan  for  tht 
aqulllbrlum  concsntratlon  of  H3PO4  as  a  function  of  raiatlvs  humidity  and  aiaumlng  nu  mixing  of  water 
vapor  from  the  amoke-frne  elr  Into  the  plume,  we  heve  calculated  the  locel  relative  humidity  as  a 
function  of  tha  mass  concentration  of  phosphorus,  the  ambient  temperature,  and  tha  ambient  relative 
humidity.  Tha  results  shown  in  figure  V  indicate  that  for  temperatures  us  low  a*  30*K  and  for 
phosphorus  mass  concentrations  as  high  as  lg/kg  of  sir,  the  reduction  In  tha  relative  humidity  can  be 
vary  pronounced.  Two  factors  which  would  nltigats  this  rssult  art  mixing  of  water  vapor  from  tha 
amoka-free  sir  and  production  of  water  vapor  In  the  source  combustion  process. 

With  these  assumptions,  the  evolution  of  tha  particle  lists  as  maasured  at  a  point  removed  from  tha 
smoke  source  should  dapsnd  primarily  on  tha  degree  of  coagulation  among  tha  particles.  If  tha  output 
rate  of  the  smoke  source  remains  constant,  then  the  amount  of  coagulation,  if  any,  alas  remains 
constant,  end  tha  particle  else  distribution  should  not  changa  with  time.  If  tha  output  rate  of  the 
smoke  source  decreases  with  time,  say  exponentially,  then  the  degree  of  coagulation,  If  Initially 
significant,  also  decreases  and  the  average  particle  site  should  decrease  with  time. 
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The  evolution  of  the  particle  slsa  distribution*  at  measured  by  the  PMS  probes  Is  consistent  with 
these  expectations.  Figures  10  through  16  show  the  mass  concentrations  of  the  phosphorus  smokes  as 
determined  from  probes  A  end  C  for  the  seven  phosphorus  smoke  trials.  These  figures  also  show  values  of 
the  mean  volume  radii  as  a  function  or  tins.  The  mss  concentrations  wars  calculated  from  tha  probe 
response  assuming  that  tha  particles  ware  spherical  and  had  a  density  (p)  determined  from  the  relative 
humidity  using  tha  results  of  Hifnal  (1978)  (tabla  1).  Tha  ranges  of  tha  Individual  probes  used  in  the 
calculation  of  the  mean  volume  radii  werei 

Probe  A  0.12pm  <  r  <  0.42pm 

Probe  B  0.42pm  <  r  <  0.73pm 

Probe  C  0.73pm  <  r  <  10pm 

The  mss  loading  (M)  and  tha  particle  concentration  (Kp)  are  related  through  the  mesn  volume  radius 


it  r 


mv 


(1) 


Aa  might  be  infarrad  from  figures  1  through  7,  tha  particles  counted  by  probe  C  generally  dominate 
the  mass  calculations.  The  temooral  correlation  among  the  probes  is  vary  good  in  all  oases  where  tha 
measured  meea  li  significant.  The  absolute  values  of  rnv  are  In  error  because  of  our  Incomplete 
counting  of  the  wubmlcrcn  particle*)  but  to  tha  extent  that  Np  le  dominated  by  probe  A,  end  M  by  probe 
C,  the  relative  value*  of  rsy  were  conaletently  determined  from  teat  to  taat. 

Flva  of  tha  tasta  show  an  oxponantlal  dacay  In  tha  mas*  concantratlon  with  time  (figures  10,  11,  12, 
14,  and  16).  Tha  two  teete  in  whlr.li  the  aourc*  la  Indicated  as  WP  wadga  (trials  23  and  32)  show  long 
parloda  of  relatively  constant  mass  loadings  (flgurss  13  and  13).  For  period*  during  which  the  mas* 
loading  la  greater  then  •vlO^pg/m'*,  variation*  in  ths  mas*  loading  art  reflsctsd  by  corresponding 
variation*  in  the  mean  volume  radius.  This  la  true  of  both  tha  high  frequency  variation*  and  the  long 
time  conetent  decay.  Thus,  trial*  ehowlng  a  fall-off  In  tha  mas*  loading  alio  ehow  an  Initial  fall-off 
in  the  value  of  the  mean  volume  radlua  due  to  a  proportionately  greater  number  of  large  particle*  during 
tlmei  when  the  maau  (and  particle)  concentrations  are  high.  It  la  likely  that  this  result  Is  due  to 
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coagulation  of  partLclea  at  high  concent  rat  Ions ,  but  we  cannot  Ignore  the  possibility  that  the 
undercounting  of  eubmicron  particles  is  a  contributing  factor. 

For  all  of  the  test*  there  le  a  period  of  time,  which  correspond*  to  nee*  loading 
11  0  1 

of  10  pg/ra  <  M  <  10  pg/m  ,  during  which  the  mean  volume  rsdlus  1*  relatively  conetant,  reflecting 

variation*  In  the  man  loading  only  slightly,  If  at  all.  Theea  period*  extend  from  ut  leaet  3  minute* 

"(i.tlal  21)  to  tho  entire  duration  of  a  teat  (trial  32).  During  theea  "eteedy  state"  period*,  the  form 

of  the  particle  els*  distribution  remained  conetant  even  though  the  total  number  of  particle*  continued 

to  fell  off.  The  value*  of  rov  during  thee*  periods  are  given  in  table  1. 

For  mass  loading*  leee  than  lO^g/m3,  the  mean  volume  radius  genarally  exhibited  large  fluctuation* 
which  did  not  neceeearily  reflect  variation*  in  the  mg**  loading.  This  raeult  Is  moat  pronounced  for 
trial*  21  and  24  (figure*  11  and  12).  Tha  effect  it  almost  certainly  caused  by  statistically 
Insufficient  numbers  cf  larger  particle*.  It  is  worthy  of  not*  that  the  mas*  loading*  in  trial*  25  and 
32  never  dropped  below  a  level  of  103pg/m3. 

4.  EFFECT  OF  RELATIVE  HUMIDIT*  ON  PARTICLE  SIZE 

Theories  of  th*  growth  of  hygruscoplc  partial**  predict  that  th*  aqulllhrlum  radius  (r)  of  a 
solution  droplet  at  a  given  relative  humidity  (41)  1*  equal  to  a  multiplicative  constant  tins*  the  dry 
parttclu  redlus  (t0) 


r  -  u(i|))ro 


For  dry  particle  radii  0.1pm  <  rQ  £  lpm, a  linsar  relation  Is  valid  within  2  parcant  for  relative 
.humidities  up  to  93  percent.  The  functlonel  dependence  of  a  on  4  for  phosphoric  held  Is  shown  tor  three 
models  In  figure  17  (Tsrnove,  1980 1  Hbnel,  1978;  and  Rubai,  1979).  The  model  of  Tarnove  takes  Into 
account  only  the  vapor  pressure  depression  of  water  due  to  th#  presence  of  the  phosphoric  acid  and  not 
the  vapor  pressure  enhancement  due  to  th*  curvature  of  th*  particle.  Since  the  letter  represents  a 
growth  Inhibition  factor,  Tarnove'a  model  should  represent  an  upper  bound  to  expected  particle  growth. 
IIMneL'e  values  of  u  are  Identical  to  those  of  Tarnove  for  0.4  £  i|<  £  0.8.  HI*  value  at  ip  »  0.2  appears 
Anomalously  low.  The  model  of  Rubel  fells  below  that  of  Tarnove  for  0.2  <_  ip  _<  0.8.  Hanel's  and  Rubai's 
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values,  Identical  at  if  ■  0,9  and  if  »  0.95,  lie  above  the  corresponding  values  of  Tarnove.  Except  for 

Hanel's  value  at  if  -  0.2,  all  are  In  agreement  within  6  percent. 

Attempts  to  verify  these  growth  models  for  distributions  of  dry  particle  sixes  generated  In  field 

experiments  have  not  been  successful.  Slxe  distribution*  of  phosphorus  smokes  generated  by  three 

different  techniques  during  the  High  Humidity  Hygroscopic  Smoks  <H 3 S >  field  test  are  presented  by  Farmer 

(1980).  The  humidity  In  these  test*  varltd  from  73  to  97  percent,  and  yst  the  slse  distributions 

to 

obtained  with  both  a  particle  airing  interferometer  and  a  Cllmat  optical  particle  counter  ahowed  very 
little  variation  from  one  test  to  another.  In  fact,  there  Is  a  suggestion  th«.t  the  ".c'.n  particle  slse 
actually  decreased  with  increasing  relative  humidity.  It  Is  apparent  that  W  a)1,  of  the  particlea  In  i 

M 

distribution  era  counted  and  sixad,  mean  values  of  th*  radius  of  that  distribution  will  he  equal  to  a(if) 

times  the  corresponding  mean  value  of  the  dry  pertlcla  distribution.  Farmer's  values  of  the  mem  volume 

radii  of  phosphorus  smokss  measured  by  the  particle  sizing  interferometer  anithe  Cllraet  Instrument  are 

plotted  In  ftguree  IB  and  19,  To  plot  these  data  in  the  format  of  figure  17,  each  data  set  was  divided 

by  a  somewhat  arbitrarily  choaan  value  of  the  mean  volume  radius  of  th*  dry  particle  alee  distribution 

(rmv  )•  (A  limiting  condition  for  rmv^  wts  that  all  resulting  valua*  of  a  hed  to  fall  between  1  and 

2.5).  Note  that  the  value*  of  r  differ  slightly  for  the  two  date  sets,  and  that  both  data  sets 

“  o 

Indicate  that  the  mean  particle  ales*  decrease  with  increasing  relative  humidity.  Farmer  suggested  that 
this  result  might  In  part  bt  due  to  tht  fact  that  particles  with  radii  lsss  than  0.15pm  were  not 
accurately  sited  or  counted. 

Laboratory  verification  of  tha  phosphorus  growth  modtl  ha*  been  somewhat  mors  successful.  Prlckel 
et  al  (1979)  hsvt  presented  else  distribution  date  for  phosphorus  smokes  mtssured  In  a  chamber  with  an 
Anderson  impactor.  The  relative  humidity  In  these  tests  vsrlsd  from  0.12  to  0,51,  end  results  are  given  ~ 
In  terms  of  s  mess  median  radius  (r^)  and  a  geometric  standard  deviation  (og).  Th*  values  of  r^  may 
ba  converted  to  rmy  using  the  relation  given  in  tha  next  section  [aquation  (6)].  These  values  of  rBV 
divided  by  an  spproprlats  valus  of  r>v  ar*  plotted  in  tlgura  20,  It  appears  that  at  least  two  * 

distributions  characterised  by  two  different  valua*  of  rnv  ware  Initially  prssant,  and  that  tha  one 
characterised  by  an  rQV  of  0<25pm  Is  In  agreement  with  tha  growth  modal  up  to  if  ■  0.5.  Not*  that  this 
value  is  lsss  than  that  for  either  of  th*  data  seta  of  Farmer. 

Values  of  tha  stsady-stats  mean  volume  radius  for  tha  seven  Smoks  Week  lit  trials  determined  as 
outlined  above  ars  plotted  In  figure  21.  Again,  th*  data  let  Is  divided  by  an  appropriate  value  of 
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r«v  •  The  data  do  bear  a  general  resemblance  to  the  growth  model,  but  there  la  too  little  data  and  too 
o 

much  ecatter  for  any  definitive  conclusion-  A  reason  for  the  relatively  low  value  of  r  la  that  the 

“vo 

Initially  high  valbes  of  rfflv  measured  during  periods  of  high  concentrations  were  not  considered 
representative. 


5.  PARAMETERIZATION  OP  THE  PARTICLE  SIZE  DISTRIBUTIONS 


Typical  aliw  distributions  obtained  for  the  data  seta  used  In  plotting  figures  18  through  20  are 
shown  In  figure  22,.  Note  that  tha  actual  axparlmantal  data  hava  baen  plotted  for  cite  meacuraments  made 
with  the  particle  eltlng  Interferometer  and  the  Climat  optical  particle  counter,  whereas  tha  data 
obtained  with  tha  Anderson  lmpactor  had  already  baan  fit  to  a  lognormal  expresalon  of  the  form 


ln  r  In  r 


In2  -J- 


To  plot  a  distribution  of  this  form  aa  dN/dr,vu  note  that  tha  lognormal  form  ramalna  unchanged 


dr  >'‘27  In  o 


in*  f- 


that  Ug  Is  the  samo  for  both  expressions,  and  that 


rMM  ‘  rg  ex?  (i  lt,:’  V 


(Patterson  and  Gillette,  1977). 


The  maee  loading  (M)  and  tot.il  particle  concentration  (Np)  are  related  by  equation  (1)  where 


r  -  r  exp(l.5  In'  u  )  -  r  exp(-l.S  in2  u  ) 
mv  g  g  nrn  g 


(Ltndauer  and  Caatleman,  1971). 
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Frlckel  et  al  (1979)  emphasize  an  Important  property  of  a  distribution  having  this  analytical  form, 
namely,  that  fot  particle  growth  satisfying  equation  (2),  the  form  of  the  distribution  will  remain 
unchanged  for  changes  In  the  relative  humidity;  Np  and  og  remain  constant  and 


Comparing  the  distribution*  of  figure  22,  we  not*  that  both  the  PSI  and  the  Cllmet  Instruments  yield 
broader  distributions  than  the  Andersen  impactor  and  that  they  show  no  indication  of  a  peak  In  the 
distribution  at  r  %  0.2um.  The  Cllmet  data  exhibit  a  power  law  distribution 


dN 

dr 


(8) 


over  the  range  0.15pm  <  r  <  l.5ym  where  v  «  2.  The  PSI  determined  distribution  la  vary  flat  over  this 
range  with  a  mode  at  r  ^  2.0pm,  a  relatively  steep  fall-off  for  r  >  2.0pm,  and  a  large  number  of 
particles  with  r  <  0.15pm.  Neither  the  Cllmet-  nor  the  PSI-determlned  distribution  appears  to  be 
lognormal  in  character. 


Only  relative  values  of  dN/dr  are  to  be  compared  in  figure  22.  Actuel  number  (or  mass) 
concentrations  are  not  available  for  either  the  Cllmet  data  or  the  Anderson  impactor  dats.  The  plots 
are  presented  as  typical  distributions  obtained  with  the  respective  Instruments,  even  though  our 
analysts  of  the  data  for  Smoke  Week  III  ehuw3  the  form  of  the  distributions  to  be  a  function  of  the 
number  concentration  or  mesa  loading.  In  general,  the  greater  the  mass  loading  the  broader  the 
distribution— a  property  which  we  have  attributed  to  coagulation.  Thua,  in  parameterizing  the  data 
obtained  with  the  PMS  probes  we  have  chosen  two  forms  of  the  particle  site  distribution:  one 
representing  the  maximum  measured  concentration  and  the  other  typlca'  of  the  form  of  the  distribution  at 
mass  concentrations  less  than  lO^pg/m^.  These  are  given  together  with  the  ..tightly  modified  probe 
responses  with  which  they  were  fit  In  figures  23  and  24,  No  procedure  w.is  used  to  establish  a  best  fit; 
single  values  oF  the  parameters  Np,  rg,  snd  were  chosen  which  established  a  reasonable  compromise 
between  the  responses  of  probes  A  and  C.  No  attempt  was  made  to  par  udeterlzc  clir>  apparent  2|im  mode  In 
the  distributions,  though  < nna tdorat ton  was  given  o  Its  effect  In  broadening  the  distribution. 
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It  Is  seen  that  even  the  typical  PMS-aeaaured  distribution  la  ouch  broader  (a^  Is  bigger)  than 
typical  distributions  obtained  with  the  Anderson  lopactor,  but  that  the  number  concentration  falls  off 
much  more  sharply  with  site  over  the  range  0.15  <  r  <  l.5pm  than  do  the  distributions  obtained  with  the 
PSI  and  the  Cllmet  Instruments.  It  Is  further  noted  that  the  peak  In  the  lognormal  distribution  Is  not 
actually  measured;  In  this  respect  the  results  confirm  those  of  the  PSI  and  Cllmet  lnstruments--the 
primary  mode  In  the  number  sice  distribution  la  at  r  <  0.2pm.  The  mods  st  r  n.  2.0pm  round  with  tha  PSI 
instrument  may  be  present,  but  its  fractional  contribution  to  tha  mass  loading  is  not  dominant. 

A  comparison  was  mads  batwaan  tha  value*  of  M  and  ray  calculated  from  the  actual  measurements  and 
those  obtained  using  the  parameteriaad  distribution!  of  figures  23  and  24.  It  was  found  that  the  values 
of  M  obtained  using  tha  lognormal  parameters  are  from  2.5  to  6  tlmai  lowar  than  those  calculated  from 
the  measurements.  This  la  bacause  the  reiponsa  of  proba  C  la  not  given  full  weight  in  the 
pararaetari cation.  The  values  of  rBy  are  reduced  both  for  thlc  reason  and  bacaua*  a  greater  number  of 
particles  are  accounted  for  In  the  lognormal  parameterlcatlon  than  are  actually  measured  by  the  probes. 

6.  ABSORPTION  AND  EXTINCTION  PROPERTIES  OP  THE  PHOSPHORUS  SMOKES 

A  comparison  of  spectrophone  (Bruce  et  al,  1981)  maasuraaenta  of  absorption  at  10.6pm  with 
calculated  mass  loadings  la  given  in  figures  25  through  28  for  the  four  phoaphorua  smoke  trial*  In  which 
simultaneous  measurements  were  made.  The  temporal  correlation  of  the  Independent  measurements  was  good, 
particularly  so  for  trials  24  and  25.  If  the  peak  values  of  absorption  and  mass  art  compared,  ■  mats 
absorption  coefficient  for  each  test  can  be  Inferred.  These  values  (given  In  table  1)  are  in  very  rough 
agreement  with  theoretical  predictions  (Plnnlck  and  Jennings,  1980)  but  show  a  significant  variability 
from  test  to  test. 


7.  SUMMARY  OF  RESULTS 

The  conclusions  to  be  drawn  from  the  work  presented  lri  this  paper  can  be  summarised  ac  follows! 

a.  In  general,  the  size  distribution  of  the  phosphorus  smoke  produced  by  a  source  exhibiting  an 
exponential  decay  in  its  output  rate  Is  not  constant  with  time.  For  mass  concentration*  greater  than 
-.1 04;iR/m3,  the  mean  particle  size  decreases  as  the  mass  concentration  falls  off,  apparently  due  to 
particle  coagulation. 
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b.  The  experimental  results  of  Smoke  Week  HI  ire  tnsuff icleut  to  verify  models  of  particle  growth 
ae  a  function  of  relative  humidity.  For  the  relatively  steady-state  conditions  achieved  during  the 
middle  of  the  trlala  summarised  here,  larger  particles  are  found  during  tests  with  high  relative 
humidity,  but  the  sources  and  ventilation  rataa  were  not  sufficiently  controlled  to  verify  a  growth 
model  predicting  r/r0  as  a  function  of  ij>. 

c.  The  else  distributions  of  ths  phosphorus  smokes  can  be  reasonably  paramaterlsed  by  the  lognormal 
function  [aquation  (4)],  though  tht  small  particle  "wing"  of  the  distribution  hai  not  been  adequately 
measured.  Valuta  of  rg  In  this  paraaatarliation  do  not  vary  grsatly,  a  typical  valus  bslng  r(  -  O.lSum, 
and  a  value  at  a  high  mess  concentration  being  rg  »  0.20uts.  Values  of  Og  (1.75  to  2.0)  art  larger  than 
those  determined  from  laboratory  experiments  (Frickal  at  al,  1979)  and  daeraaea  ae  the  mean  particle 
else  decreases. 

d.  Compsrlsons  of  mass  loadings  determinad  from  ths  PMS-maasurad  alas  distributions  with 
apactrophona-naaaurad  absorptions  show  rough  agreamsnt  with  thaoratlcal  pradictions.  Discrepancies  of  a 
factor  of  2  In  the  mass  absorption  coefficients  can  wall  ba  due  to  uncertainties  In  the  measured  else 
distribution. 
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PARTICLE  RADIUS  (pm) 


riOURE  l.  SIZE  DISTRIBUTIONS  OBTAINED  BY  THREE  PM8  PROBES  NEAR  TIME  OP 
MAXIMUM  SMOKE  CONCENTRATION  DURING  TRIAL  18. 

PROBE  AlASL  ASASP-X,  RANGE  1»  PROBE  B.  DUOWAY  PROVING  GROUND  ASASP-X.  RANGE  li 
PROBE  CtASL  CSASP-100,  RANGE  1.  ‘ 


MOURE  2.  SAME  AS  FIGURE  t  FOR  TRIAL  21. 
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PARTICLE  RADIUS  (pm) 


FIGURE  7,  SAME  AS  FIGURE  1  FOR  TRIAL  33. 


PARTICLE  RADIUS  (pm) 


FIGURE  S.  SI7.E  DISTRIBUTION  OBTAINED  BV  THREE  PMS  PROBES  AT  A  TIKE  DURING 
TRIAL  21  WHEN  THE  MEAN  VOLUME  RADIUS  WAS  RELATIVELY  CONSTANT. 
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AMBIENT  RELATIVE  HUMIDITY 


FIGURE  9.  LOCAL  RELATIVE  HUMIDITY  (WITHIN  PHOSPHORUS  SMOKE  PLUME)  AS  A  FUNCTION  OF  AMBIENT 
RELATIVE  HUMIDITY  FOR  GIVEN  VALUES  OF  PHOSPHORUS  MASS  LOADING  AND  AMBIENT  TEMPERATURE. 

It  t»  aaaumad  that  no  mining  of  watar  vapor  from  outaida  tha  pluma  haa  takan  placa  and 
that  tha  ambiant  praaaura  ia  1000  obar. 
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FIGURE  12.  SAME  AS  FIGURE  10  FOR  TRIAL  24. 

Arrow  Indicate*  the  time  corresponding  to  the  probe  response*  given  in  figure  1. 
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RELATIVE  HUMIDITY 

FIGURE  17.  THEORETICAL  MODELS  OF  PHOSPHORIC  ACID  PARTICLE 
GROWTH  AS  A  FUNCTION  OF  RELATIVE  HUMIDITY. 
(Tarnove,  1980j  Hiinel,  1978|  md  Rubai,  1979). 


PARTICLE  SIZING  INTERFEROMETER 
r«^a  0.40/i.m 


X  RPGMNAOEI 
0  WP  WEDGE* 
A  WP  WICK* 


RELATIVE  HUMIDITY 

FIGURE  18.  PARTICLE  SIZING  INTERFEROMETER  DETERMI NATIONS  OF  THE  MEAN  VOLUME 
RADIX  OF  PHOSPHORUS  SMOKES  DURING  THE  H3S  FIELD  TEST. 

Value*  given  by  Firmer  (1980)  are  norm* llied  ualng  a  dry  particle  mean  volume  radlua  of  0.40um, 
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FIGURE  19.  CL1MET  OPTICAL  PARTICLE  COUNTER  DETERMINATIONS  OF  THE  MEAN  VOLUME 
RADII  OF  PHOSPHORUS  SMOKES  DURING  THE  H3S  FIELD  TEST.  Value*  glvan  by 
Farmer  (I960)  are  normaliiad  ualng  a  dry  partial*  naan  volume  radlu*  o t  0.33um. 


FIGURE  20.  ANDERSON  1MPACT0R  DETERMINATIONS  0 F  THE  MEAN  VOLUME  RADII  OF  PHOSPHORUS  SMOKES 
IN  A  LABORATORY  CHAMBER.  Value*  glvan  by  Frlckal  at  al  (1979)  ara  nornalltad  uatng  a  dry 

particle  ncan  volume  radlu*  of  0.25tim. 
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RELATIVE  HUMIDITY 

FIGURE  21.  PMS  OPTICAL  PARTICLE  COUNTER  DETERMINATIONS  OF  THE  MEAN  VOLUME  RADII  OF  PHD3PHORUB 

SMOKES  DURING  SMOKE  WEEK  III. 

Valuta  glvan  In  tabla  1  are  noraaliaad  uaing  a  dry  partlela  mean  voluma  radiua  of  O.30um. 


PARTICLE  RADIUS  ifim) 


FIGURE  22.  RELATIVE  8IZE  DISTRIBUTIONS  Of  PHOSPHORUS  SMOKES  OBTAINED  USING  THREE 
DIFFERENT  INSTRUMENTS.  Only  relntlve  value*  of  dN/dr  are  to  be  compared. 

The  Particle  Slalng  Interferometer  and  i  ha  Clir.iet  data  ara  for  trial  *»  of  the  H3S  teat 


(Faraar  1980).  Tha  particle  concentration  (Np)  uaed  In  plotting  the  dlatrlbuttoni  are 
10*  and  103  cm"3,  raapact lvaly.  Tha  Anderaon  Tmpactor  data  are  for  caaa  6  of  table  1 
of  Frlckel  et  al  (1979).  A  value  of  A  *  10*  cm-3  la  uned  for  Np 


210 


UNCLASSIFIED 


PARTICLE  RADIUS  (pm) 

FIGURE  23.  LOGNORMAL  PIT  TO  PMS  MEASURED  SIZE  DISTRIEUTION  OF  PHOSPHORUS  SMOKE 
MEASURED  DURING  PERIOD  OF  MAXIMUM  MASS  LOADING  DURING  SMOKE  WEEK  III. 


PARTICLE  RADIUS  (pm) 

FIGURE.  24.  LOGNORMAL  KIT  TO  TYPICAL  PMS  MEASURED  SIZE  DISTRIBUTION  OF  PHOSPHORUS  SMOKE 

MEASURED  DURING  SMOKE  WEEK  III. 
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PARTICLE  SIZE  ANALYSIS  -  THEORY  AND  DATA  ON 
BIMODAL  FOG  OIL  DISTRIBUTION 
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Robert  W,  Doherty  end  Robert  H.  Frickel 
Chemical  System  Laboratory 
Aberdeen  Proving  Ground,  MD  21010 

ABSTRACT 

Preliminary  data  .collected  *t  the  Obscuration  Science  Section  of  CSL  at  APG,  MD  using  a  light 
scattering .optical  particle  counter  of  the  PMS-CSASP  type  have  shown  evidence  of  multimodal  structure  In 
the  particle  slse  distribution  of  a  vaporlzad/c.ondansed  aerosol  of  fog  oil  In  the  C.3  dm  <  die  < 

2.S  dm  dia  range.  Assuming  complete  vaporisation  of  the  fog  oil  during  dissemination,  multimodal  alee 
distributions  ere  not  expected;  however,  under  certain  conditions  of  supsrsaturation,  a  bimodal  alsa 
diatrlbution  la  predicted  bv  theory.  ’ Using  investigated  is  the  possibility  that  tha  obser/ad  aerosol 
distribution. may  be  an  artifact  of  the  optical  counter.  The  optical  counter  la  designed  to' interpret 
light  scattering  signals  In'  terms  of  a  monotonic  response  function  with  respect  to  particle  else 
independent  of  refractive  index..  The  effects  of  a  "fold  over"1 in  the  optical  systems  response  function 
in  yielding  multimodal  distributions  from  unimod.il  log1  normal  distributions  will  be  demonstrated.  A 

comparison  of  the  observed  particle  else  distribution  with  d  conventional  oascads  impSctor  will’  also 
be  presented. 

INTRODUCTION  , 

The  purpose  of.  this  paper  is  tb  present  a  brief  summery  of  soma  of  tha  findings  made  at  :tha 
Obscuration  Sciences  Section  of  CSL  at  APG  on  aerosols  of  vaporiaed/copdeneud  fog  oil  (No.  100  PALE 
OIL).  Specifically,  some  rather  unexpected  raultl-moda]  peaks  in  the  aerosol  stae  distribution  over 
the  interval  of  measurement  1  0 . lum  ♦.diameter  <6,0ym  were  observed.  An  effort  vne  ’than  mad*  to 

establish  whether  or  not  these  peaks  were  reel  or  were  .meaev.remdnt  System  artifacts.' 

This  paper  presents  the  experimental  findings  on  the  time  development  of  fog  oil  aerosols  ranging 
from  a  mnsH  concentration  of  0,012gm/h3  to  O.JBgm/m3,  as  well  as  a  brier  discussion  on  tbs  theoretical 
development  of  a  bimodal  distribution  from  an  originall11  unimode!  distribution  considering  evaporation 
and  condensation  as  the  driving  mechanisms. 


EXPERIMENT, \L  FACILITIES 

The  nxperimantitl.  procedure  utilized  by  OSL  to  perform  the  present  experiments  involvsd  using  a 
12'  x4'  x5'  plywood  box  with  suitable  exhaust  and  sampling  ports.  Dissemination  of  the  emoke  into  tha 
chamber  was  handled  by  a  Gurgcas  Jungle  Foggnr  Model  F-1442  made  by  the  Burgase  Vlhrocraftara,  Inc. 
located  in  GreysUkc,  111.  Acrcaol  mase  concentration  mi  asursmente  were  made  using  Gelman  47  mm 
diameter,  type  A/E  glass  fiber  filters. 


Measurement  of  the  aerosol  site  distribution  wr.s  performed  using  both  an  Anderson  Mark  III 
cuBcade  tmpactor  available  from  Anderson  2000,  Inc.,  Atlanta,  GA  and  a  Particle  Measuring  Systems 
CSASP- LOO-IIC  optical  particle  counter  available  from  PMS,  Boulder,  Colorado.  AilulyBlB  of  the  cascade 
Impnctor  stagea  was  performed  gravlmetr  icully,  which  limited  the  use.  of  the  impactor  to  aerosols  with 
Iiiubh  concentration  exceeding  0.1  gm/ni^.  The  GRASP-  100-HC  optical  Bizc  analyzer  wbh  used  on  both  low 
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and  high  concentration  aaroaola  with  the  under* tending  that*  for  aeroaole  exceeding  MO*  partlclea/cc, 
correction  factor*  muat  be  applied  to  the  raw  data  to  tranafrom  the  observed  relative  eiea  distribution 
into  abeolute  eize  distribution. 

Xn  addition  to  total  me**  concentration  and  sis*  distribution  measurements,  optical  transmission 

measurement s  across  the  4'  dimension  of  the  smoke  chamber  were  mad*  at  the  wavelengths  X«»  0.4416  ym 

0, 6328pm,  and  1.15pm.  A  continuous  record  of  the  transmission  levels  monitored  by  SGD  100  A  detectors 

for  each  of  the  laser  lines  was  keep' via  strip  chert  recorders.  The  optical  depth,  '“t  ,  of  the  aerosols 

•  # 

as  a  function  of  titan  wee  than  obtained  frost  tha  transmission  charts  using  Baer's  Law  l.a. 

A 

l{t)-Ie  exp  <-V) 

where  10  corresponds  to  tha  initial  transmission  level  through  the  chamber  without  amoke, 
and  l(t)  eorreaponda  to  tha  tranamiaaion  level  through  the  chamber  with  smoke  at  time  'f. 

BATA  FORMAT 

Figures  1,  2  and  3  show  tha  time  history  of  tha  vaporiaed/condanaed  fog  oil  aerosol  distribution 
with  initial  mess  concentrations  of  0.012  gm/m^,  0.033  gm/m^,  end  0.38  gm/m^  respectively.  All 
measurements  wars  mads  on  the  C8ASP-100-HC  optical  particle  counter.  The  reader  la  cautioned  that  tha 
siaa  distributions  shown  in  Figuraa  1,  2  and  3  ere  not  absolute  else  distributions,  but  only  relative 
ales  distributions.  Aa  absolute  alia  distribution  implies  that  tha  amplitude  aa  well  tha  location 
of  tha  dies  peaks  can  ba  traced  to  a  known  volume  of  actual  aaroaol.  A  relative  else  distribution 
implies  that  tha  actual  volume  of  aerosol  sampled  Is  not  known,  but  that  the  ales  peak  locations  and 
relative  amplitudes  on  any  given  run  ere  accurately  represented.  Hanes,  comparison  of  tha  *isa 
distributions  from  moment  to  moment  using  our  date  does  not  provide  the  answer  on  an  absolute  basis  to 
the  net  flux  of  particles  into  or  out  of  a  particular  else  interval,  but  it  doss  provide  information 
on  changaa  in  tha  location  of  tha  aisa  paaks  and  thalr  ralrtlva  strengths  at  fixed  timsa.  Aa  a  reminder* 
to  tha  raadar  of  thu  uncertainty  in  tha  placamant  of  tha  vartlcal  offaat  to  tha  curvaa  in  Figuraa 
1,  2  and  3,  tha  vertical  axla  ia  shown  as  a  staggered  axis  with  only  relative  seals  factors  given.  To 
have  attamptad  to  provide  for  s  moment  by  moment  absolute  comparison  of  the  sins  distribution  curves 
would  have  required  tha  uss  of  large  correction  factors,  each  with  a  high  dsgrss  of  uncartalnty. 

The  empirical  procedure  for  estimating  tha  correction  factora  can  ba  obtalnad  from  the  manufacturer 
under  tha  title  "Activity  and  Ita  Influence  on  Inatrumant  MaaBuramanta." 

Figures  4,  5  and  6  demonstrate  the  optical  depth,  ^  ,  and  the  aerosol  mass  concentration  as 
functions  of  time  for  the  aevoaol  of  Figurei  1,  2  and  3  respectively.  Figure  7  ahowe  a  plot  of 
cascade  impactor  data  taken  on  the  aeroiol  of  Figure  3. 
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it  should  be  noted  that  the  times  labeled  t*0  are  not  the  end  points  of  the  Bmoke  generation, 
but  the  beginnings  of  the  data  collection.  Them  may  be  a  several  minute  gap  between  these  two  times 
In  addition, the  rather  rapid  aerosol  mess  decay  is  due  to  the  mixing  fan  used  throughout  the  experi¬ 
ment  to  keep  the  cloud  home  eneoue  rether  than  due  to  settling  effects. 

DATA  ANALYSIS 

(a)  Low  concentration  Fog  Oil  -  0.012  gm/m^j Examination  of  Figure  1  shows  that,  initially,  the 
peek  In  the  sine  distribution  occurs  somewhere  below  the  lower  level  of  perticle  dotectlon  for  the 
CSASP-100-HC,  i.s.  below  0.3  urn  diameter,  but  that  there  is  e  steep  shoulder  to  the  distribution  at 
about  0.4  vim  diameter  and  a  weaker  secondary  shoulder  at  about  0.6  vim  diameter,  in  time  the  0.4,  Vim 
diimstsr  mods  dsvnlops  Into  a  definite  peek  while  the  0.6  vim  diameter  mode  becomes  mors  pronounced. 
Hence,  by  60  minutes  Into  the  test  run,  the  data  Indicates  a  weak  bimodality  over  the  monitored 
portion  of  the  perticle  else  epectrum  from  0.$  pm  dlemeter  to  6.0  pm  diameter. 

Figure  4  demonstrates  a  steady  decay  in  both  uhe  optical  depth*  miaeured  at  1*0.4416  pm, 

0.6328  pm  and  1.13  pm  and  the  aeroaol  mass  concantratlon  with  increasing  time.  Notice  that,  although 
the  optical  depth  at  1*0.4416  pm  ia  1.3  times  larger  than  the  conespondlhg  optical  depth  at 
1*0.6328  pm,  tha  rate  of  deofeaae  in  the  former  ie  alto  greeter  such  that  the  two  value*  become  equal 
at  about  34  minutes  into  the  test.  Beyond  34  minutes  the  rptioal  depth  at  1*0,4416  pm  drops  below 
that  of  1*0,6328  pm.  Ths  optical  depth  at  1*1.13  pm  shows  a  steady  decrease  throughout  the  entire 
test,  contlnuslly  remaining  the  lowest  of  the  three  measurements. 

(b)  Medium  Concentration  Fog  Oil  -  0.033  gm/m^i  Examination  of  Figure  2  shows  the  peak  in  the 
initial  aerosol  alia  distribution  occurs  romewhere  below  the  0.3  pm  diameter  lower  limit  of  ths 
C8ASP-100-HC  with  e  steep  shoulder  et  0.4  urn  end  e  second,  weaker  shoulder  et  about  0.63  pm,  ell 
of  which  is  very  similar  to  the  t*0  plot  of  Figure  1,  By  24  minutes  Into  tha  test,  Figure  2  shows 
that  the  ahouldare  at  0.40  and  0,63  um  diem, star  have  become  pronounced  peeks  end  hence  demonstrate! 

s  definite  bimodelity  in  ths  monitored  portion  of  the  sirs  distribution.  At  49  minutes  into  the  runs, 
ths  peaks  at  0.40  pm  and  0.63  pm  diameter  ere  more  evident  with  the  0.63  pm  diameter  peak  having 
grown  to  a  ralativs  magintuds  of  one  third  that  of  the  main  peak  at  0.40  pm.  This  pattern  remained 
unchanged  to  the  end  or  the  test  at  68  minutes  Into  the  run, 

The  measurement*  of  the  optical  depths  it  1*0.4416  pm,  0.6328  pm  and  1.13  pm  and  the  aerosol 
mass  concantratlon  shown  in  Figure  3  are  vsry  similar  to  those  of  ths  low  concentration  fog  oil  eat 
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shown  in  Figure  4  with  the  exception  that  the  initial  optical,  depth  at  ).*0.4416  pm  la  over  2  1/2  times 
that  nt  X-0.6328  pm,  which  Is  much  higher  than  that  of  Figure  4  and  suggests  some  mass  concentration 
dependency  to  the  initial  size  distribution. 

(c)  High  Concentration  Fog  Oil  -  0.58  gm/m3; Unlike  Figures  1  and  2 ,  Figure  3  shows  a  pronounced 
peak  in  the  initial  aerosol  distribution  within  ths  monitored  size  range,  the  peak  being  located  at 
0.44  pm  diameter.  It  must  be  mentioned,  however,  that  the  aerosol  of  Figure  3  was  produced  by  the 
generation  and  subsequent  dilution  of  a  much  higher  concentration  aerosol  (1  gm/m3).  This  process 
took  seVsral  minutes  to  accomplish,  so  that  early  development  of  the  aerosol  from  a  size  mode  below 
0.3  pm  diameter  to  that  at  t*>0  may  have  taken  place  prior  to  our  date  gathering.  By  25  minutes 
into  the  test,  Figure  3  demonstrates  a  strong  bimodsllty  in  the  measurable  portion  of  the  size 
spectrum  with  peaks  st  0,44  pm  snd  0,85  pm  diameter.  By  52  minutes  into  the  run,  the  else  distribution 
appears  to  be  trlmodal  with  the  largest  peak  oocurlng  somewhere  below  0.3  pm  end  additional  peaks  at 
0,54  pm  end  0,85  pm  diameter.  At  144  minutee  into  the  test,  Figure  3  continues  to  show  e  trlmodal 
else  distribution,  as  seen  at  52  minutes,  but  with  some  downward  shifting  of  the  peeks  which  can  be 
attributod  to  fogging  of  the  CSASP-100-HC  probe  lenses,  Evidence  supporting  the  downward  shift  seen 
In  the  slaa  distributions  from  t“32  minutes  to  t«144  minutes  vis  dirty'  probe  lenses  was  obtained  by 
observing  a  similar  .downward  shift  in  the  probe  calibration  using  Dow  Chemical  polystyrene  latex 
epherae  run  before  snd  sttar  ths  smoke  test.  In  addition,  the  manufacturer  of  the  CSASP-100'HC  probe 
found  it  necessary  to  incorporate  nonuniform  voltage  intervale  for  the  scattering  event  pulse  height 
analysis  in  order  to  provide  uniform  diameter  intervals  corresponding  to  these  same  channels,  As  a 
reault,  a  15*  drop  in  the  pulee  height  can  readily  cause  a  2  channel  downwnrd  channel  assignment 
for  particle*  at  the  upper  end  of  a  given  probe  size  rangq,  while  it  would  require  a  20*  to  70*  drop 
in  signal  strength  to  accomplish  e  similar  shift  in  ths  smaller  particle  size,  depending  on  the  probe 
else  range  selected.  For  the  else  range  in  which  the  peeks  of  Figure  3  at  t«52,  144  minutes  are 
occurlng,  l.e.  size  range  # 3,  the  obearved  shifting  In  the  t»52  minute  end  t"144  minutes  curves  is 
consistent  with  che  observed  shifting  of  the  latex  standards  end  the  nonuniform  voltage  intervals 
established  by  the  manufacturer.  However,  fogging  over  of  the  probe  lens  cati  not  explain  the  disappear¬ 
ance  of  the  0.54  pm  diameter  peak  an  shown  in  the  t*52,  144  minute  curves,  nor  have  we  an  alternative 
explanat Inn 


Figure  7  shows  the  results  of  cascade  impaetor  tests  run  on  the  high  concentration  aerosol  at 
t“9.5  minutes  end  again  at  t»52  minutes.  The  trend  of  the  data  Is  towards  a  higher  mass  median 
diameter  with  increasing  i  line;  however,  we  believe  our  experimental  error  is  simply  too  great  for 
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■aioau  particular  teHt  runs  to  provide  quantitative  Information  on  a  particle  number  basic,  lor  the 
verification  of  the  multimodal  distributions  seen  In  the  optical  sire  distributions  of  Figure  3. 

There  are  notable  changes  in  the  tine  history  of  tin  optical  depth  measurements  of  Figure  7 
as  compared  to  the  optical  depth  measurements  on  the  low  and  medium  aerosol  concentrations  of  Figures 
4  and  3,  Figure  7  shows  thut  the  optical  depth  at  X  ■  0,6328  pm  remains  greater  than  that  of 
X  «  0.4416  pm  for  the  first  70  minutes  of  the  test.  At  70  minutes  Into  the  test,  all  3  wavelengths 
have  converged  to  the  same  value  of  optical  depth.  This  was  not  the  pattern  observed  in  Figures  A 
and  5.  Nor  is  the  early  Increase  In  optical  depth  with  time  rite:.  in  Figure 7  for  X  •  1.15  pm 
comparable  to  the  lower  concentration  teste. 

The  initial  increase  in  the  optical  depth  at  a  -  1.15  pm  would  seem  to  Indicate  a  significant 
corresponding  change  in  the  size  distribution  providing  n  more  favorable  scattaring  particle  towards 
X  •  1.15  pm.  However,  the  observed  size  distributions  or  Figure  7  at  t  “  0  and  t  »  11  minutes  do  not 
bear  this  out,  at  least  not  on  a  relative  size  basis  over  the  size  range  monitored  i.e.  0-3  pm  - 
diameter  -  6.0  pm.  The  change  in  the  size  distribution  may,  however,  bu  taking  place  below  the  0.3  pm 

diameter  detection  limit  of  the  CSASP-100-HC.  Support  for  this  hypotliosii  is  given  by  Figure  9, 

which  demonstrates  the  relationship  between  the  particle  extinction  coefficient  and  the  size  parameter, 
k,  for  a  material  with  a  refractive  index  n  •  1.5  -  0  1  The  large  slope  seen  in  Figure  3  for  k  6  3 
indicates  that  even  a  small  Increase  in  the  particle  sin  over  thte  region  of  ' k*  will  result  in  a 
large  change  in  the  particle  extinction  coefficient  with  the  greatest,  enhancement  in  the  particle 
extinction  coefficient  taking  place  at  the  longest  of  the  observed  wavelengths,  l.s.  X  “  1,15  pm.  Thus, 
one  possible  explanation  for  the  Initial  increase  in  the  optical  depth  at  X  ■  1.15  pm  might  be  the 
formation  of  additional  0.45  pm  diameter  particles,  the  peak  diameter  seen  in  Figure  3  at  the  earlier 
Limes,  along  with  the  depletion  of  a  possibly  much  larger  number  of  particles  less  than  0. 3  dm  diameter, 
which  are  not  seen  by  the  present  particle  counter.  The  same  aerosol  behavior  of  small  particle  growth 
followed  by  the  partial  removal  of  the  larger,  more  efficient  scatterers  would  also  explain  the 
simultaneous  decrease  observed  in  the  optical  depths  at  X  «  0.A416  pm  and  0.6328  pm.  In  effect,  the 

optical  depth  at  each  of  the  3  monitored  wavelengths  is  the  algebraic  sum  of  the  net  gain  in  the 

more  effir* ont  u.A5  pm  diameter  scatterers  minus  the  net  loss  of  the  less  efficient  scatterers  smaller 
than  f).  3  pm  diameter.  Table  1  presents  an  example  demonstrating  how  such  competing  processes 
might  operate  on  the  optical  depth.  In  Table  1,  the  distribution  of  parti  ’ ’  cizee  has  been  reduced 
to  two  sizes  for  thu  pui poue  of  illustration. 
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EFFECTS  OF  A  MULTIVALUED  RESPONSE  FUNCTION  ON  AN  OPT  1  'LAI,  COUNTER’S  PERFORMANCE 

We  have  seen  in  the  previous  section  of  this  renort  unimodel  distributions  of  vaporized/cor.densed 
fog  oil  changing  in  time  to  form  bimudul  and  even  trimodal  distributions.  The  question  raised  here  is 
whether  it  ia  possible  that  sot.e  of  the  multimodal  peaks  might  be  artifacts  of  the  optical  counter. 

In  general,  the  elgnal  strength  registered  by  an  optical  counter  for  a  particular  scattering  event 
can  be  plotted  ae  a  function  of  the  actual  particle  diameter  to  form  what  is  called  the  response 
function  of  the  eyatem.  Unfortunately,  the  reeponse  function  is  often  not  Just  a  function  of  the 
particle  size,  but  also  of  many  other  factors  Including  the  partlclo  shape,  refratlve  Index,  light 
collection  angle  (s) ,  beam  profile  and  particle  location  within  the  sensing  zone  of  the  system. 

Even  for  spherical  particles  of  known  ref >■  ■■■■.tive  Index,  the  response  function  will  still  contain  a 
region  of  non-uniqueness  between  response  end  particle  diameter.  Such  a  region,  when*  the  response  la 
multivalued  In  terms  of  the  particle  diameter,  is  referred  to  as  a  "fold  over"  in  the  response  function. 

Figure  8  demonstrates  the  effect  that  fold  over  has  on  the  interpretation  of  an  originally  unimodal 
lot-normal  particle  else  distribution.  In  the  example  of  Figure  8,  we  have  chosen  as  our  test  aerosol 
distribution  a  log-normal  distribution  with  a  geometric  count  median  diameter  of  l.Oum,  a  log- 
geometric  standard  devieticn  of  0.5,  end  a  total  number  density  of  107  pottlcles/cc.  The  test  aerosol 
distribution  Is  shown  as  Curve  A.  Curve  B  of  Figure  8  Is  the  manufacturer '•  publiuhed  response 
function  for  the  CSaSP-100-HC  and  repracents  the  "averaged"  responee  of  the  probe  over  many  different 
refractive  indicee.  In  should  be  noted  that  Curve  B  haB  been  defined  by  the  manufacturer  as  a 
monotonie  function,  i.  u.  without  a  fold  over.  Let  Curve  C  of  Figure  8  represent  the  actual  or 
calibrated  response  faction  of  the  CSASP-1U0-HC  for  the  material  comprising  Curve  A  in  our  example.  > 

Curve  C  la  not  the  response  function  of  a  real  materiel,  but  has  been  chosen  to  illustrate  the  effects 
of  a  pronounced  fold  over  on  the  interpretation  of  a  given  aerosol  Blee  distribution. 

Table  2  lists  the  diameter  intervals  corresponding  to  the  specific  response  lntorvals  as  established 
by  the  manufacturer  for  the  CSASF-100-HC  response  function  of  Curve  B.  Also  listed  are  the  diameter 
intervals  obtained  from  our  assumed  response  function  of  Curve  C,  corresponding  to  these  same  manu¬ 
facturer's  specified  response  Intervals.  Table  2  can  be  broken  into  3  diamete  ranges  with  respect  to 
Curve  C  as  follows: 

Range  1  -  all  particles  below  the  fold  over  in  Curve  C 

Range  It  -  all  particles  encompassed  by  the  fold  over  of  Curve  C,i.e.  all  particles  with 
non-unique  reaponees 

220  Range  III  -  all  particles  above  the  fold  over  in  Curve  C. 
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Closer  examination  of  Table 2demonncrates  that  all  particles  of  the  test  aeroscl  of  Curve  A  which  fall 
in  Range  I  will  be  oversized  while  those  falling  in  Range  111  will  be  undersized,  and  further  that 
ell  particles  which  fall  In  Range  II  will  undergo  a  mors  complicated  transformation  with  the  net  effect 
being  a  compression  within  this  range  of  the  actual  slsa  distribution.  Curve  D  of  Figure  8  shows  how 
all  the  diameter  Interval  mappings  of  Table  2  act  on  the  teat  aeroaol  to  produce  a  multimodal,  non-log- 
normal  distribution  which  would  bt  seen  on  the  display  screen  of  the  optical  counter.  Hence,  at  least 
for  the  case  when  there  exlete  a  pronounced  fold  over  in  the  actual  or  calibrated  response  function,  the 
displayed  size  distribution  contains  many  peaks  and  other  structures  not  contained  in  the  actual  size 
distribution. 

At  this  point  in  our  work,  we  simply  can  not  state  that  the  multivalued  peaks  observed  in  the 
experiments  of  Figures  1,  1.  snd  3  art  or  srs  not  dus  to  s  fold  ovtr  in  the  reeponee  function  for  fog 
oil  similar  to  tho  one  in  our  example  caae  given  above.  However,  baaed  on  the  locations  of  the  peaks 
in  Figure  1,  2  and  3,  the  gradual  "on-site"  growth  of  the  eecondsry  peaks,  where  by  "on-site"  we  refer 
to  the  lack  of  any  steady  progression  of  tha  peaks  along  the  diameter  axis,  it  is  our  opinion  that  the 
multivalued  peaks  of  Figure  1,  2  and  3  are  not  dua  to  a  possible  fold  over  in  the  response  function 
for  fog  oil,  but  due  to  eome  other  mechanism  auch  ns  condensation  or  coagulation.  Possible  conditions 
for  the  formation  of  a  bltnodal  distribution  from  a  unimodal  distribution  will  be  dlscuaasd  in  the 
next  section.  We  do  expect,  however,  to  observe  a  fold  over  in  the  response  function  for  fog  oil,  sb  we 
have  measured  tho  refractive  index  for  fog  oil  to  be  1.31  on  an  Abbe-3L  refractometer,  and  have 
observed  fold  overs  in  some  preliminary  experiments  measuring  the  response  functions  for  both  polysty¬ 
rene  latex  with  a  refractive  index  of  1.59  @  X-5893X  and  for  CargilJe  type  E/AA  refractive  index 
liquid  with  a  refractive  index  of  1.45  ?  A-5893X,  Thum  it  seems  appropriate  at  this  point  to  experi¬ 
mentally  determine  the  extent  of  the  expected  fold  over  in  the  fog  oil  response  function. 

FORMATION  OF  A  BIMODAL  DISTRIBUTION t  CONDENSATION  AND  EVAPORATION1 

Calculations  on  the  behavior  of  evaporating  and/or  condensing  aerosols  revesl  mechanisms  by 
which  Kmodal  particle  size  distributions  can  develop  in  aerosolB  originally  having  single-mode 
distributions.  One  such  mechanism  is  the  interaction  between  Raoult's  law  governing  such  colllgative 
properties  anBOturated  vapor  pressure  depression  and  the  Kelvin  effect  relating  vapor  pressure  to 
particle  surface  curvature.  The  diameter  growth  rate,  for  a  two- component  particle  consisting 
of  a  non-volatile  solute  in  a  volatile  solvent  is  given  by 
1)  -  K  F(IV  (Se-S) 
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where  K  is  a  constant  involving  physical  characteristics  such  as  the  equilibrium  vapor  pressure  of 
the  volatile  component,  the  diffusion  coefficient  of  the  vapor,  etc;  Kn  is  the  Knudsen  number  (ratio 
of  the  mean  free  path  to  the  particle  radius);  S  is  the  ratio  of  saturated  vapor  pressure  ct  the 
surface  of  the  droplet  to  the  saturated  vapor  pressure  over  a  flat  surface  of  the  pure  solventi  and 
S,  is  the  environmental  saturation  ratio  with  respect  to  puro  solvent.  The  fector  K  F(Kn)  can  be 
evaluated  as  4 

s  1.17 *«'  ' 

2) 


whore  D  is  the  droplet  diameter  in  microns.  The  droplet  saturation  ratio  S  is  governed  by  Kohler's 
equation  combining  Raoult's  law  and  the  Kelvin  effect) 


3) 


5  = 


X 


Srr&') 

^■c7-aV 


where  Dn  is  the  diameter  of  a  droplet  which  would  contain  only  the  solute  present  in  a  solution 
droplet  of  diametsr  D,  0  is  tho  suvfaes  tsnsion,  Vv  is  the  solvent  molecular  volume,  k  is  Boltsmaiui's 
constant  and  T  ia  tha  absolute  temperature.  For  typical  value*  of  phyaical  quantities,  Equation  3 
becomes 


4) 


scd,oj-  e^c-  agy; 


where  D  end  Dn  are  in  micrometers. 


Suppose  that, initially,  an  aerosol  Is  a  log-normally  ales  distributed  collection  of  droplets  of  a 
given  non-volatile  solute  mass  concentration  C0  in  the  volatile  solvent  in  an  environment  slightly 
supersaturated  with  respect  to  the  pure  solvent.  The  droplet  diameter  D  is  related  to  the  solute 
"diameter"  Dn  and  the  aoluts  concentrations  by 

5)  D‘  [  1-Cc-OKpJ 

where  Kp  le  the  ratio  of  this  solute  density  to  the  solvent  density  (here  taken  to  be  1.).  Similarly, 

where  D0  is  the  initial  droplet  diameter  (distributed  log-normally  over  the  aerosol^  For  a  given 
droplet,  C  and  D  va  y  as  evaporation  and  condensation  occur,  but  Dn  remains  constant,  tt  can  be 
shown  from  equations  4  and  5  that. unless  the  given  Initial  concentration  C  is  equal  to  l,  that  Is  the 

droplets  arc  initially  pure  solute,  the  saturation  ratio  S  for  the  smaller  droplets  Is  lass  than 

tho  ambient  saturation  ratio  Se,  and  they  evaporate  toward  the  equilibrium  condition  S  ■  3e,  while 

222  £or  the  larger  droplets  S  '  Se  and  they  r.row  by  condensation. 
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Equation  2  can  be  rewritten  and  Integrated  aa  follows. 

7,  /ft _ _ 

'  )  KW.XVi)  J 

—/£>.  o, 

where  D0  la  the  Initial  particle  diameter  and  Dt  la  Che  diameter  at  time  t.  Let  the  aerosol  be 
sufficiently  dilute  that  coagulation  la  negligible.  Then, if  the  particle  diameter  distribution  is 


initially 


£L  .  jc\ 


we  can  find  a  later  distribution  by 


This  equation  relates  the  distribution  function  at  diameter  D0  at  time  'O'  to  the  diameter  Dt  at 
time  't,'  where  Dt  is  the  diameter  attained  at  time  ' t'  by  a  particle  whose  initial  diameter  wae 
D0,  and  dDt  is  the  width  of  the  diameter  interval  containing  the  dN  particles  per  unit  volume 
initially  contained  in  the  interval  (D0,  D0  +  dD0) ,  (Since  there  is  no  coagulation  and  no  particle 
can  disappear  by  evaporation  alnca  it  contains  a  non-volatile  eonponant,  dN  doee  not  change). 
Similarly,  If  the  initial  distribution  is  written 


then  tt  tins  ’ t ' 


*  / C!U 

mt'-  %  tts;  /cr;i 


Here,  an  Initial  log  normal  distribution  has  bean  assumed,  so  that 

where  N0  la  the  total  number  concentration,  oa  is  the  distribution  standard  deviation,  and  is  the 
initial  number  median  diameter.  The  quantity  dD0/dD,  representing  the  change  from  time  'O'  to  time 
' t '  in  the  width  of  the  diameter  interval  containing  dN  particles  per  unit  volume,  can  be  obtained 
by  differentiating  Equation  7.  Letus  first  write 


13)  G rCD.Q.) 


NCWCSe-SC  0,00)" 


Then, Equation  7  become) 
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Remembering  that  the  <11  f ferention  is  for  a  given  value  of  '  t , '  we  can  write 

1=)  o  =  cS0i^XD)l^~GCo-iD^^D^GCo*}D^^^ 

"o« 

Since  from  Equation  6 

«)  <1  ^  D°  ■) 

Equation  13  yields 


The  aaroaol  haa  bean  assumad  to  be  dilute,  10  that  S,  la  not  changed  appreciably  by  the 
addition  or  removal  of  vapor  from  the  dropletat  Equations  14  and  17  can  than  be  integrated 
numerically  for  each  initial  partida  alia.  The  collection  of  valuea  of  D  and  dDo/dDt  corresponding 
to  a  collection  of  initial  values  of  D0  can  than  be  used  to  calculate  change*  in  the  particle  alee 
distribution  with  time. 

Integration  of  Equations  14  and  17  diaclose  that  small  particles  approach  their  equilibrium 
diameter  quickly  while  larger  partlclea  change  more  slowly)  the  rang*  of  diameter*  between  the 
quickly  and  slowly  changing  particles  la  rather  narrow  and  provide*  a  sharply  defined  transition 
region  which  moves  toward  larger  particle  sites  as  evaporation  or  condensation  continue.  Within 
this  transition  region,  a  amall  initial  diameter  interval  corresponds  to  a  large  diameter  interval 
at  time  1 t i '  that  is  D0/Dc  la  small  and  the  particle  alee  distribution  is  depressed  at  this  value  of 
Dt.  In  some  cases, this  affect  is  pronounced  enough  to  produce  a  trough  in  the  distribution,  that 
la, a  bimodal  distribution  develops. 


Figures  lo,  11,  12  display  the  development  of  a  bimodal  distribution  by  this  mechanism.  Figure  10 
shows  thi*  initial  log  normal  distribution  with  NMD  ■  .129  lira  and  *4  7.  Figures  11  and  12  show 
the  distribution  after  30  and  100  aeconds  respectively  compared  with  the  initial  distribution  (dashed 
lines).  The  rapid  evaporation  of  the  small  particles  and  resulting  development  of  the  bimodal 
distribution  is  shown,  as  well  as  the  shift  toward  larger  particle  sizes  with  the  trough  separating 


the  two  modes. 


The  blmodullty  peaks  calculated  here  ere  et  dlametere  substantially  smaller  than  those  observed 
experimentally,  and  may  not  represent  the  same  mechanir.n.  The  calculations  do  show  that  bimodality 
is  not  an  unexpected  phenomenon  for  small  diameters. 


UNCLASSIFIED 


UNCLASSIFIED 


A- 1 8 


CONCLUSIONS  AND  RECOMMENDATIONS 

In  this  report,  we  have  presented  some  preliminary  experimental  data  on  vaporized/condenBed  cloudB 
of  fog  oil.  Th«  data  supports  the  hypotheaii  that  the  aerosol  develops  a  bimodality  with  time,  the 
effect  being  more  pronounced  at  higher  aerosol  mass  concentration.  We  have  attempted  to  reduce  the 
possibility  that  the  observed  bimodal  distributions  are  artifacts  produced  in  the  optical  counter  as 
well  as  to  stablish  a  theoretical  basis  for  the  formation  of  a  bimodal  liquid  aerosol  from  an  initially 
unimodal,  log-normal  distribution.  We  recognise  that  the  assumptions  employed  in  tha  theoretical 
development  of  the  bimodal  distribution  were  not  met  in  the  actual  experiments  and  that  the  case 
against  artifacts  in  the  observed  site  distribution  has  not  been  completely  closed.  Work  will 
continue  in  both  of  these  directions. 

Tn  an  effort  to  extend  particle  else  measurements  below  the  0.3  vim  diameter  lower  limit  of  the 
present  optical  counter,  an  Electrical  Mobility  Analyser  manufacturer  by  TS1,  Inc., St.  Paul,  MN 
has  bean  acquired.  The  EMA  has  an  inherent  else  range  of  0.003  ym  -  diameter  £  0.73  ym  and 
is  being  interfaced  to  our  data  acquistion  system.  Tha  problem  of  shifting  in  tha  optical  counter 
calibration  as  a  result  of  fogging  of  the  probe  lenses  can  ba  greatly  reduced  by  providing  a  dean 
air  purge  to  the  lenses  whan  no  sample  is  being  taken.  There  is  no  "ready  made"  solution  to  tha 
problem  of  saturation  of  the  particle  counter,  but  the  possibility  of  high  order  dilution  schemes 
will  be  investigated  in  a  further  attempt  to  arrive  at  the  absolute  rather  than  the  relative  size 
distribution.  In  addition,  the  present  optical  system's  response  function  for  fog  oil  will  be 
experimentally  determined  using  the  vibrating  orifice  technique  to  control  particle  generation. 

Combining  the  above  into  a  more  accurate  representation  of  the  vaporlsed/condaneed  aerosol 
with  independent  measurement*  of  the  refractive  index  for  the  recondenead  fog  oil  at  X  -  0.44  16  ym, 
0.6328  ym,  end  1.15  ym  will  allow  a  direct  comparlton  of  Hie  obeerved  optical  dapth*  with  those 
predicted  by  Mie  scattering  theory. 
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DATA  POINTS:  Figure  8,  Curve  8  CSASP-100-HC  Diameter  IntervalB  on  Curve  C  of  Figure  8  Corre- 

Response  Function  spondlng  to  the  CSASP-100-HC  Relative  Signal 


„  ,  ,  „  ,  _  ,  Strengths  In  First  Column 

Relative  Signal  Strength  Diameter  Range 

_ mm _ Las2 _ teL 


0.120V 

- 

0.394V 

.30 

- 

.34 

'  .247 

- 

0.303 

.394 

- 

.852 

.34 

- 

.38 

.303 

- 

.342 

.832 

- 

1.56 

.38 

- 

.42 

.342 

- 

.379 

1.36 

- 

2.30 

.42 

- 

.46 

.379 

- 

.413 

2.30 

- 

3.55 

.46 

- 

.30 

.413 

- 

.441 

3.55 

- 

4.60 

.50 

- 

.54 

.441 

- 

.469 

4.60 

- 

3.3B 

.54 

- 

.58 

.469 

- 

.4B7 

5.38 

- 

6.05 

.58 

- 

.62 

faiVC 

■Cl  .487 

- 

.302 

6.03 

- 

6.68 

.62 

- 

.66 

.502 

- 

.517 

6.68 

- 

7.28 

.66 

.70 

.517 

- 

.331 

7.28 

- 

7.88 

.70 

.74 

.331 

- 

.545 

7.88 

- 

8.45 

.74 

.78 

.543 

- 

.339 

8.45 

- 

8.99 

.78 

.82 

.559 

- 

.572 

8.99 

- 

9.50 

.82 

.86 

.572 

- 

.585 

9.50 

- 

10.00 

.86 

.90 

_ \ 

.585 

( 

- 

.600 

10.00 

- 

11.36 

.90 

1.00 

7 

.600 

- 

.647,  1.161  -  1.434 

11.36 

- 

12.64 

1.00 

1.10 

.647 

_ 

.718,  1.072  -  1,161, 

1.434  -  1.508 

fiA/vc-ci: 

12.64 

~ 

13.91 

1.10 

- 

1.20 

.718 

- 

.836,  .967  -  1.072, 

1.508  -  1.569 

13.91 

- 

15.27 

1.20 

- 

1.30 

.856 

- 

.967,  1.569  -  1.630 

A 


TABLE  2i  Llat  of  corresponding  diameter  Intervals  taken  from  Figure  8  for  the  CSASP-100-HC  and 
example  response  function*.  Both  sets  of  diameter  intervals  correspond  to  the  same 
response  signal  level  aet  by  the  manufacturer  for  the  CSARP-100-IIC. 
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DATA  POINTS!  Figure  8,  Curve  B  CSASP-100-HC  Diameter  Intervale  on  Curve  C  of  Figure  8  Corra- 

Response  Function  apondlng  to  tha  CSASP-100-HC  Ralatlva  Signal 


Ralatlva  Signal  Strangth  Diamatat  Range  Strengths  In  Flrat  Column 

- _ to} _ T _ _ _ _ _ _ _tol 


13.27 

- 

16.70 

1.30 

1.40  7 

1.630  - 

1.693 

16.70 

- 

18.17 

1.40 

1.50 

1.693 

1.738 

18.17 

- 

19.74 

1.30 

1.60 

1.738 

1.830 

19.74 

- 

21.36 

1.60 

1.70 

1.830 

1.908 

21.36 

- 

23.04 

1.70 

1.80 

1.906 

1.997 

23.04 

- 

27.96 

1.80 

2.10 

1.997 

2.301 

27,96 

- 

34.37 

2.10 

2.40 

2.301 

2.703 

34.37 

- 

41.08 

2.40 

2.70 

2.703 

3.032 

41.08 

- 

47.39 

2.70 

3.00 

3.032 

3.338 

47.39 

- 

34.10 

3.00 

3.30  /tovl 

MB 7  3.338 

3.631 

34.10 

- 

60.39 

3.30 

3.60 

3.631 

3.967 

60.39 

ee 

66.26 

3.60 

3.90 

3.967 

4.263 

66.26 

- 

71.92 

3.90 

4.20 

4.263 

4.343 

71.92 

- 

77.23 

4.20 

4.5*0 

4.343 

4.798 

77.23 

- 

82.48 

4.30 

4.80 

4.798 

5.039 

82.48 

- 

87.71 

4.80 

5.10 

3.039 

3.271 

87.71 

- 

93.26 

3.10 

3.40 

3.271 

5.511 

93.26 

- 

99.66 

3.40 

3.70 

5.511 

5.780 

99.66 

- 

104.90 

3.70 

6.00 _ , 

,  5.780 

5.996 

TABLE  2  (Continued)!  List  of  corresponding  diameter  intervals  taken  from  Figure  8  for  tha  CSASP-100-HC 
and  example  response  functions.  Both  seta  of  diameter  intervale  correspond  to 
the  same  response  signal  level  set  by  tha  manufacturer  for  tha  CSASP-100-HC. 
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ABSTRACT 

The  smoke/obsourant  data  gathered  in  an  extensive  field  measurement  program  and 
Instrumentation  utilized  In  the  collection  are  discussed,  Moderate  (4cm** )  resolution 
spectral  data  of  smokes/obscurants  wire  collected  for  use  In  detection  algorithm 
training  and  testing  as  well  as  use  In  a  soer^ simulation  model,  Several  repre¬ 
sentative  samples  of  field  measured  data  are  presented, 

1.  INTRODUCTION 

The  technique  of  remotely  sensing  the  atmosphere  has  In  recent  years  become  an 
extremely  valuable  tool  for  the  detection  and  analysis  of  vapor  or  small  aerosol 
clouds.  Applications  have  Included  a  variety  of  chemical  substances,  both  natural 
and  manmade,  The  Fourier  Transform  Infrared  or  FTIR  spectrometer  has  proven  Itself 
a  versatile  Instrument  In  field  measurement  because  of  sensitivity,  resolution,  and 
scan  speed  advantages,  Honeywell  Tactical  Support  Operations  Is  currently  developing 
the  XM21  remote  sensing  chemical  agent  alarm  for  the  U.S.  Army  Chemical  Systems 
Laboratory,  This  Instrument  Is  a  portable  ruggedlzed  FTIR  spectroradlometer  system 
capable  of  automatic  detection  of  toxic  vapor  clouds. 

In  the  course  of  development,  a  large  spectal  data  base  was  required  for  the 
training  and  testing  of  detection  algorithms.  Among  these  data,  a  large  requirement 
existed  for  the  infrared  spectral  characteristics  of  smokes  and  obscurants  against 
both  natural  and  manmade  backgrounds,  By  training  tho  detection  algorithms  to 
reject  the  presence  of  spectral  interferents,  the  probability  of  false  alarm  is 
greatly  reduced. 
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2.  EQUIPMENT 

To  collect  the  necessary  field  measured  data,  a  prototype  instrument,  the 
Honeyvell  Background  Measurement  Spectroradiometer  or  BMS  was  constructed.  This 
Instrument  is  a  single  cube  Michelson  interferometer.  The  scanning  mirror  drive 
assembly  is  a  flex  pivot  or  “porch  awing"  type  movement.  These  two  features  result 
in  an  extremely  temperature  and  vibration  resistant  design,  important  considerations 
in  a  field  instrument.  ZnSe  transmission  optics,  combined  with  a  HgCdTe  detector 

cooled  to  77°K  provide  excellent  sensitivity  in  the  1200  to  800  cm“*  (8,3  to  12,5  um) 
region.  The  reflective  optics  are  diamond  turned  aluminum.  All  transmission  optics 

are  anti-reflection  coated,  The  optical  instrument  head  was  manfactured  at  Honeywell 
Electro-Optical  Operations  in  Lexington,  Massachusetts,  The  servo  and  control  elec¬ 
tronics  for  the  BMS  were  modified  from  a  Nicolet  Instrument  Company  MX-1  laboratory 
interferometer,  The  result  has  been  an  axtremely  reliable  and  versatile  field  instru¬ 
ment,  The  BMS  is  shown  in  figures  1  through  5,  Figure  6  is  a  table  of  applicable 
sensor  parameters, 

The  interferograme  arc  generated  by  the  sensor  at  a  rate  of  seven  scene  per 
(second.  The  signal  is  digitized  into  1024  16  bit  words  and  then  recorded  by  Engin¬ 
eering  Data  Analysts  system  or  EDAS,  The  EDAS  consists  of  a  ruggedized  Honeywell 
Level  6/43  and  varloue  peripheral  devices,  The  data  are  formatted  by  the  EDAS  and  la 
colleoted  real-time  on  30  megabytes  of  disc  storage,  Experiments  may  be  conduoted 
from  either  a  system  CRT  terminal  or  Hughes  C3  graphics  terminal.  The  high  resolution 
graphics  terminal  allows  examination  of  spectral  data  in  the  field,  A  full  size  line 
printer  is  used  to  print  sunmarles  of  experimental  and  environmental  condLtiona, 

Ar.  array  processor  (CDA)  is  linked  to  the  EDAS  to  provide  rapid  processing  (fourier 
transform)  of  the  raw  Lnterferograms  into  spectra,  The  formatted  data  are  stored  on 
tape  via  a  9  track  tape  unit,  A  boresighted  Panasonic  video  system  provides  a  per¬ 
manent  record  of  the  experiment  on  video  tape. 

To  document  the  environmental  conditions  during  these  field  measurements,  a 
Cllmatronics  electronic  weather  station  was  Interfaced  to  the  EDAS  so  that  the 
meteorological  conditions  during  each  scan  would  be  recorded.  The  parameters  recorded 
were  wind  speed,  wind  direction,  temperature,  dew  point,  rainfall,  barometric  pressure 
and  solar  radiation.  The  meteorological  sensors  were  tripod  mounted  away  from  the 
influences  of  the  data  van, 
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The  system  Is  transported  from  site  to  site  In  a  34  foot  Larth  instrument  van. 

This  vahlcle  provides  a  sheltered  environment  for  the  data  processing  equipment. 

Large  cargo  dcors  on  the  sides  and  rear  allow  ease  In  loading  and  unloading  as  well 
as  a  sheltered  area  for  recording  during  severe  weather.  Ine  vehicle  is  self  leveling, 
allowing  for  operation  on  rough  terrain.  Power  for  utilities  1#  provided  from  two 
onboard  7.5  tew  Kohler  generators.  A  regulated  30  kw  Kohler  is  trailered  behind  the 

•  van  to  provide  "clean'*  power  for  the  EDAS  and  instruments.  In  this  nonflguration»up 
to  4  BMS's  aan  be  used  to  record  data  simultaneously.  The  van  is  shown  in  figures 

7  to  9.  Figure  10  shows  the  weather  station  rack  with  mainframe,  digital  displays. 

*  and  chart  recorders.  Figurss  11  and  12  show  the  system  (van  and  BMS )  collecting 
data. 


3.  DATA 

The  data  are  stored  as  digitized  1024  IB  bit  word  lnterferograma  on  maenntlo  tape. 
Each  experiment  is  formatted  with  a  global  file  header  (figure  13).  subfile  headers 
(figure  14).  and  lnterferograma  (figure  15).  The  global  file  header  iu  a  documentation 
of  the  sensor,  scene,  and  general  meteorological  conditions  for  each  experiment.  With 
each  lnterferogram  is  a  subfile  header  containing  instantaneous  sensor  and  meteorolo¬ 
gical  parameters.  The  result  is  a  sequential  record  of  each  experiment.  In  addition. 

16  ambient  and  16  LM2  temperature  blackbody  scans  art  recorded  prior  to  each  experiment 
to  allow  calibration  of  the  data  by  removing  the  instrument  response.  The  .orrnal 
collection  sequence  included  60  seconds  of  bsokgiound,  90  to  120  seconds  of  d  speraal, 

30  seconds  of  trail-off,  and  a  pause  for  clearing  followed  by  a  final  60  seconds  of 
background ■ 

A  total  of  306  experiments  were  conducted  during  the  BMS  phase  of  the  XM21  systom 
development.  Of  these  experiments,  167  Involved  the  presence  of  a  natural  or  manmade 
obscurant.  Many  of  these  were  in  combination  with  DMMP,  which  is  a  toxic  agent  simulant. 
Observations  were  conducted  at  several  sites  throughout  the  U.S,  during  all  types  of 
weather,  ranging  from  clear  to  heavily  overcast  and  snowing.  Backgrounds  during 
this  measurement  program  included  sky,  terrain,  water,  vegetation,  building,  roads, 
snow,  ice,  and  other  miscellaneous  turgets  such  as  vehicles  or  aircraft.  The  following 
is  a  lint  of  the  types  of  smokes  and  obscurants  observed i 
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Snok«/Ob,our.nt,  Data  Mu 

1.  White  Phosphorus  -  WP 

2.  Red  Phosphorus  -  HP 

3.  Plasticized  White  Phosphorus  -  PWP 

4.  Alkali  Chloride 

3.  Hexachloroethane  -  HC 

6.  PEQ  200 

7 .  Green 

8.  Red 

9.  Yellow 

10.  Violet 

11.  IR  #1 

12.  IR  #2 

13.  IR  #3 

14.  Fog  Oil 

15.  Oust  (Kaolinlto.  Montmoril Ionite,  Calcium  Carbonate) 

16.  Rubber  (Tire)  Smoke 

17.  Fuel  Oil  (Diesel)  Smoke 

18.  Aircraft  Exhaust 
19*  Vehicle  Exhaust 

The  field  measured  data  from  the  above  list  was  utilized  in  the  training  and 
testing  of  the  detection  algorithms' discriminants.  Both  singly  and  in  combinations, 
lnterferonts  were  processed,  as  veil  as  Vgjfci  interference  in  combination  with  various 
concentrations  of  the  toxic  agent  simulant  DMMP,  From  this  exercise, both  the  obscur¬ 
ation  ana  spectral  interierent  effects  on  system  performance  oould  be  gauged,  Finally, 
the  smoke/ obscurant  data  gathered  in  the  field  were  Incorporated  into  a  realistic  scene 
simulation  model. 

The  scene  simulation  model  incorporates  the  Lowtran  IV  atmospheric  propagation 
model  with  field  measured  backgrounds.  This  model  has  allowed  us  to  fill  in  the  gaps 
in  our  empirical  data  base.  A  file  of  reference  absorptivity  coefficients  is  used 
(via  a  Beer's  law  calculation)  to  generate  several  slabs  of  either  obscurants  or  vapor 
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clouds  In  absorption  or  emission  The  smoke/obscurant  data  recorded  have  been  used  to 
validate  this  function.  In  addition,  the  use  of  backgrounds  with  smoke  and  other 
obscurants  presents  a  scene  model  which  more  realistically  simulates  conditions  found 
on  the  battlefield.  Given  the  variety  and  complexity  of  backgrounds  that  may  be  viewed 
by  an  IR  sensor  in  the  FEBA,  it  is  not  surprising  that  a  primary  weakness  of  many 
models  has  been  the  computing  of  realistic  background  radiances. 

«  Several  representative  field  measured  spectra  are  shown  in  figures  16  to  25, 

These  lnolude  spectra  of  Phosphorus  ,  HC,  Alkali  Chloride.  PEG  200.  Red.  IR  screening, 
and  several  dust  clouds.  The  final  spectra  (figures  26  to  28)  illustrate  the  diffi¬ 
culties  caused  by  lnterferents  in  the  detection  of  a  threat  agent  or  simulant  such  as 
DMMP. 

All  the  spectra  shown  are  background  subtraction  plots.  The  spectra  therefore 
represent  the  scene  with  the  obscurant  in  the  FOV  minus  the  scene  prior  to  the  inter¬ 
vention  of  the  target  cloud.  The  spectra  will  show  either  emission  or  absorption 
features  depending  upon  the  relative  temperatures  of  the  target  cloud  and  the  back¬ 
ground.  The  plota  of  spectra  are  in  wavenumbers  (om**).  Those  plotted  versus 
radiance  values  have  the  instilment  response  removed.  Those  plotted  versus  Arbitrary 
Units  are  not  corrected  for  instrument  self  radiance  and  are  Intended  to  show  relative 
spectral  features. 

Figure  16  is  a  typical  white  phosphorus  spectrum  in  absorption.  The  broad  peak 
centered  at  1030  cm"*  Is  shown  here  In  absorption.  In  most  trials  to  date, this  peak 
has  been  observed  in  emission  as  shown  in  figuras  17  and  18,  Some  atmospheric  fine 
structure  is  seen  in  the  region  greater  than  1100  cm"*  an  a  result  of  the  subtraction 
process.  Figure  19  la  the  spectrum  of  an  Alkali  Chloride  smoke  dispensed  at  Smoke 
Week  III.  The  very  broad  absorption  is  centered  at  approximately  1000  cm'*,  Instrument 
response  roll-off  with  this  particular  instrument  has  magnified  the  structure  below 
'850  cm"*.  Figure  20  shows  the  spectrum  of  PEG  200.  The  prominent  feature  at  1000  cm"* 
to  1150  cm"*  displays  sharp  spectral  features.  Typical  alcohols  possess  a  strong  peak 
in  the  1050  to  1100  cm"*  region.  The  peak  in  this  figure  is  presumably  broadened  by 
the  polymeric  nature  of  the  PEG  (polyethylene  glycol)  molecule,  The  effectB  of  dusts 
as  observed  by  the  BMS  is  illustrated  in  figure  21.  As  the  concentration  of  dust  in 
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the  Instrument  FOV  Increase  (1-4)  the  obscuration  effect  correspondingly  increases. 

HC  is  the  only  common  military  smoke  we  have  found  to  be  a  significant  obscurant  in 
the  800  to  1200  cm"*  region  of  the  speotrum.  The  very  oroad  peak  at  880  cm*'  (figure 
22)  has  shown  a  tendeney  to  aignlfieantly  mask  the  features  of  other  spectrally 
olgnlfleant  materials  present.  By  contrast,  the  sharp  peak  at  990  cm"'  which  reoults 
from  red  smoke  (figure  23)  can  usually  be  observed  only  after  signal  averaging 
(ooadding)  to  increase  the  signal  to  noise  ratio.  Figures  24  and  25  show  the  broad 
spectrally  obscuring  features  of  infrared  soreeners  1  and  3  as  observed  at  Smoke 
Week  III.  A  typical  DMMP  spectra  is  shown  In  figure  26.  Figures  27  and  28  illustrate 
the  degree  of  obsouratlon  and  spectral  Interference  with  which  a  discrimination 
algorithm  must  cope. 

4.  CONCLUSIONS 

The  field  measurement  program  which  we  recently  completed  haa  shown  the  versa¬ 
tility  of  the  FTIR  spectroradlometer  in  field  measurements.  The  characterization  of 
the  spectral  and  obscuration  qualities  of  smokes  and  obscurants  oan  be  accomplished 
remotely  by  the  use  of  an  instrument  like  the  BMS,  The  BMS  has  been  demonstrated  to 
be  sufficiently  rugged  and  reliable  in  extensive  use  in  hostile  environmental  conditions. 
In  fact,  very  few  alignment  adjustments  of  the  interferometers  were  required  despite 
the  harsh  conditions  to  which  they  were  subjected  (travel,  handling,  explosions,  and 
temperatures  from  0°  to  105°F), 

The  effect  of  smokes  and  obscurants  on  the  performance  of  a  tactically  deployed 
IR  system  must  be  accounted  for  in  the  development  process,  By  including  well  docu¬ 
mented  field  measured  smoke/obscurant  data  in  our  algorithm  development  data  base  and 
utilizing  realistic  smokw/obscurant  backgrounds  in  our  simulation  model,  we  have 
achieved  a  high  level  of  system  performance.  By  consideration  of  these  factors  in 
development  of  this  syaten^we  have  been  able  to  minimize  tho  response  of  the  algorithms  ' 
to  spectral  interferents  and  correspondingly  reduced  the  number  of  false  alarms. 

While  the  study  of  tho  effects  of  these  materials  on  the  performance  of  our 
system  is  still  in  process,  a  few  comments  can  be  made  regarding  the  general  effective¬ 
ness  of  several  obscurants.  We  have  Found  HC  and  PKC  200  u>  be  significant  in 
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screening  portions  of  the  spectral  region  of  Interest  (800  to  1200  cm"1).  When 
generated  in  sufficient  quantities, WP,  RP,  and  the  infrared  screeners  provide  a 
broad  obscuration  effect.  The  common  military  signal  smokes  we  have  observed  have 
several  spectrally  interesting  peaks  but  do  not,  in  general,  provide  a  significant 
level  of  obscuration. 

The  authors  would  like  to  acknowledge  the  participation  and  support  of  Ernest 
J.  Webb  of  the  Army  Chemical  Systems  Laboratory,  Remote  Sensing  Branch.  This  work 
was  completed  under  contract  number  DAAK11-79-C-0051  for  ARRADCOM,  Chemical  Systems 
Laboratory,  Aberdeen  Proving  Ground  (Edgewood  Area)  Maryland  21010, 


UNCLASSIFIED 


I 


\ 


! 


K I*  ;l  IH1-:  1.  tU'NI  VVKl.l.  hACKl.KlilINU  Ni'ASIIHKHI'.NI  M'KC  1  UuKAI  ■  luMV.  IKK 


UNCLASSIFIED 


"~m  '  l|i  ~  liUMI'llf '  Will  I 


unri«mT*ltt~am  •'IiiitiiTitriliiiii'aBiNiliiiiiiiii 


BORESIGHTING  BMS  VIDEO  CAMERA 


is* 

o  * 


<«"i  ?  1 

s'?  i» 

2  <  v  O 

3  5  <  d 


UNCLASSIFIED 


«  pi  § 

c  o  o  *» 


<  *  i  t 

8  K.  S  s 

O'  *  • 

®  n  n  w 


s  •  = 
2^5 


1  §  i  i  1 1 ! 

|  g  5  $  I  % 
£  S  a  5  «  i  8 


8  8 
o  o 

Ai  *1 


£ 

fe  7 

1  £  i 

~  7  ,  s. 

i  2*6- 

*0  ■ 

p  "  •  R 

•  ^  ° 

W  v>  7  «0 

£  n  •— 

7  1  : 2  i  't 

O  •-  *  8  O  2  ^ 

J  c  ” <?."?' 


-s  f  :  ,  s  I  a  3  s  * 

4  k-^i  ii  g  !  ‘  3  s  i  1 2 

| ;  E  s  «  -  I  5  E  s  M  1 1 

T,5°l-  i  -  £  s  *  §  g 2 

C  -  e  2  s  ^  e  £  3  g  S  2  2 
t  S  3  £Vo-  ?  fc  £  I  5  s  ? 


2  ssisii|3§ 


I 

>  •  • 


:  x  &  &  i 

C  u.53  3  3 

<  a  o  O  O 

5  1  «  *  * 

O 


FIGURE  6.  TABLE  OF  EMS  INSTRUMENT  PJ 
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PAGE  3  GLOBAL  FILE  HEADER  LISTING 


. .  '  .  *****  METEOROLOGICAL  parameters  «•* 
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j.  57,  MET  STATION  ID  _  _ 

"  58.  -TINO  DIRECTION  (OEG) 

O  ~  SR.  HIND  SPEED  (M/SEO 

T  60,  HINO  DIRECTION  TREND  CODE  ...  .  .  _ 
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i  67.  AMBIENT  fEMPERATURE 
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FIGURE  13.  SAMPLE  GLOBAL  FILE  HEADER  (cont.) 
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UNDEFINED  0 
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ALGORITHM  OUTPUT  (1)  0 

ALGORITHM  OUTPUT  13).. .  0 

ALARM  0 

SENSOR  ERROR  CODE  .  0 

UNDEFINED  a 

UNDEFINED  .  !1 

UNDEFINED  0 


FILE  NAME  I  C3O002 . 1  .  1  .1 


SUBFILE  HEADER 


SUBFILE  NO.  2 

REFEWENCE/SCENE  FLAG .  1 

APQOIZATION  BREAKPOINT  0 

NO.  OF  SCANS  COADDEO,, .......  1 
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WIND  SPEED  -  m/SEC  *  10  .  I 

AMBIENT  TEMP  -  OEG  C  »  10  IBS 

TOTAL  PRECIP  -  CM  *  10  .  0 

ALGORITHM  OUTPUT  U)  0 

ALGORITHM  OUTPUT  (3) . 0 

ALARM  0 

SENSOR  ERROR  CODE  .  0 

UNOEFINEO  0 

UNDEFINED  . 0 

UNDEFINED  0 

. . . . . . . 


SUBFILE  HEADER 


subfile  no.  3 

REFERENCE/SCENE  flag .  1 

APOOIZATION  BREAKPUINT  0 

NO.  OF  SCANS  COADDED .  1 

SCALING  EXPONENT  -  Z**N  -3 
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Edward  K.  Uthi* 

Atmospheric  Science  Center,  SKI  Internationa1, 

Menlo  Park,  California  9A025 

ABSTRACT 

Lldar  provides  the  means  to  evaluate  quantitatively  the  spatial  and  temporal  variability 
of  smoke  and  dust  clouds  ss  they  are  transported  downwind  from  particulate  sources,  quantitative  evalua¬ 
tion  of  cloud  optical  and  physical  densities  from  cloud  barkacatter  is  complicated  by  effects  from  par- 
v  tide  size,  shape  and  composition  and  by  attenuation  and  multiple  scattering  from  dense  clouds.  Examples 
are  presented  that  illustrate  use  of  the  lidar  technique  to  provide  useful  evaluations  of  smoke  and 
dust  clouds. 


*This  paper  is  scheduled  to  appear  in  the  1  May  1981  issue  of  Applied  Optics  end  therefore  is  not 
reprinted  here. 
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PROPAGATION  OF  A  HIGH  POWER  PULSED  C02  LASER  BEAM 
THROUGH  BATTLEFIELD  AEROSOLS* 

Thoma s  G .  Hiller 
Directed  Energy  Directorate 

US  Army  Missile  Laboratory 
US  Army  Missile  Command 
Redstone  Arsenal,  AL  35898 

ABSTRACT 

V 

1.  INTRODUCTION 

The  propagation  of  a  high  power  laser  beam  (either  cw  or  pulsed)  through  the 
atmosphere  is  dependent  on  many  factors.  These  factors  include  the  laser  phase  distri¬ 
bution,  laser  amplitude  distribution,  laser  wavelength,  atmospheric  turbulence,  molec¬ 
ular  absorption,  molecular  scattering,  aerosol  absorption,  and  aerosol  scattering.  If 
the  power  at  the  laser  is  sufficiently  low  such  that  no  substantial  heating  of  the 
atmosphere  results,  the  power  density  at  the  target  is  proportional  to  the  laser  power 
and  one  is  in  the  linear  regime.  However,  if  substantial  heating  of  atmosphere  occurs 
due  to  absorption  of  the  laser  energy  by  the  atmosphere,  an  increase  in  the  laser  power 
beyond  a  certain  critical  value  can  actually  result  in  a  decrease  in  the  power  density 
at  the  target  and  one  is  in  the  nonlinear  regime,  This  particular  nonlinear  effect  Is 
called  thormal  blooming.  This  research  effort  is  concerned  with  such  nonlinear  effects. 

i 

The  purpose  of  those  experiments  was  to  assess  experimentally,  using  a  high  power  ('vlO1 
Joules/cm2/s  at  the  transmitter)  pulsed  C02  laser  boam  with  a  relatively  large  output 
aperture,  the  el' foots  of  transmission  through  an  atmosphere  contaminated  with  battle¬ 
field  aerosols.  Rust  experiments  and  associated  theoretical  treatments  usuully  have 

1  -  1  fl 

been  concerned  with  solid  particles  or  water  droplets,  including  clouds  ,  The  pre¬ 
sent  experiments  were  designed  us  semi-field  experiments,  i.e.,  the  atmospheric  para¬ 
meters  were  partially  controlled,  to  help  ascertain  the  interaction  between  a  high 
power  pulsed  COj  laser  beam  und  u  battlefield-contaminated  atmosphere. 


*  These  teats  were  conducted  at  Test  Area  3,  Redstone  Arsenal,  In  addition  to 
personnel  from  the  Directed  Energy  Directorate,  M1COM,  personnel  from  T&E  Directorate, 
MICOM,  und  White  Bunds  Missile  Range  assisted  In  carrying  out  the  tests.  Personnel 
l'rom  Teledyne  Drown  assisted  in  data  analysis.  A  document  describing  the  tests  in 
mole  detu.il  is  being  prepurud  and  will  be  published  in  the  future. 
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2.  EXPERIMENTAL  PROCEDURE 

2.1  Figure  1  shows,  the  basic:  experimental  strategy.  A  high  power  .single  pulse  CO,, 
laser  (35  laser*)  was  directed  downrunge  via  a  turning  flat.  The  niilpul,  d  j  st  r  ibut  Ion 

of  the  3*  laser  was  a  10cm  by  10cm  beam  with  a  7.58cm  X  7.58cm  hole  in  its  center. 

Its  output  energy  was  typically  200  joules  for  these  experiments.  The  pulse  width  was 
typically  -lpsec  with  a  gain  switch  spike  that  was  typically  4  times  the  average  inten¬ 
sity  oi  the  main  pulse.  The  gain  switch  spike  was  about  250ns  wide. 

2.2  The  flat  that  turned  the  S1  pulse  dowhrange  had  a  square  hole  in  its  center  that 
was  made  to  coincide  with  the  hole  in  the  S1  beam  as  shown  in  Figure  1.  A  cw  laser 
beam  (Model  41  laser**)  was  directed  downrange  through  the  hole  in  the  mirror.  The 
two  beams  were  collnear.  As  shown,  the  beams  passed  through  artli’icully  created  aero¬ 
sols  and  were  incident  either  on  a  calorimeter  to  record  the  energy  from  the  S3  laser 
or  on  a  diffuse  reflector  (target  board)  which  recorded  the  image  of  tho  41  lnaur  via 
an  1R  scanning  camera***.  The  Moael  41  typically  was  operated  at  200  watts. 

2.3  It  was  possible  to  record  the  percent  transmission  of  the  pulsed  laser  by  meas¬ 
uring  tho  energy  at  the  laser  and  the  energy  at  the  target  site,  It  also  was  possible 
to  detect  changes  of  the  index  of  refraction  in  the  laser  path  caused  by  the  pulsed 
laser  by  recording  the  cw  lasor's  imugo  before  and  ufter  the  laser  pulse.  Detection 
of  punch  through  could  be  detected  by  either  or  both  techniques. 

2.1  Figure  2  shows  an  overall  sketch  of  the  experimental  layout,.  It  was  decided  that 
an  enclosed  puth  for  the  laser  beams  should  be  used  so  that  tho  atmospheric.  variables 
could  bo  monitored  and  control  lod  to  a  certain  extont.  Two  MET  Stations  were  located 
along  the  tunnel  and  were  manned  by  tho  Atmospheric  Sciences  Laboratory.  They  measured 


+  The  S'  Laser  was  manufactured  by  Systems,  Science,  und  Software,  San  Franc Isc.o 
Division,  l>.  0.  box  4H03,  Huywurd ,  C'A  94504 

+  +  Model  41  Laser  wus  manufactured  by  Spectro-Physicu  ,  1250  Went.  Ml  dill  "f  1  •'  I.  cl  liond, 
Mountuln  View,  CA  94042 

***  111  Sounning  Camera,  Model  APL-1H,  u  pulsed  laser  data  acquisition  system,  was 
manufactured  by  EOStG ,  Albuquerque  Division,  Oovernmen  t.  Services  and  Systems  Uperntton, 
Kfi&li  Incorporated,  9733  Cool's  NW,  Albuquerque,  NM  H7 1 14 
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absorption  coefficients  directly  using  spectrophones  and  measured  particle  size  distri¬ 
butions,  number  densities,  temperature  and  other  parameters  necessary  for  character¬ 
izing  the  aerosols.  The  door  from  the  Beam  Transmitter  Boom  faced  a  small  hill; 
for  convenience  a  ditch  was  dug  which  served  as  a  partially  enclosed  path  for  the  laser 
beams.  The  top  and  ends  of  the  ditch  were  covered  with  polyethylene,  which  provided  an 
enclosed  propagation  path.  Holes  were  cut  in  the  ends  which  allowed  the  laser  beamB 
to  pass.  As  can  be  seen  from  Figure  1,  it  was  135  meters  from  the  Beam  Transmitter 
Room  to  the  target  site.  The  distance  from  the  Beam  Transmitter  Room  to  the  entrance 
of  the  tunnel  was  30  meters.  The  length  of  the  tunnel  was  100  meters;  hence,  it  was 
5  meters  from  the  tunnel  exit  to  the  target  recording  site. 

2,5  Figure  3  shows  the  experimental  arrangement  in  the  Beam  Transmitter  Room.  As  can 
be  seen,  in  addition  to  the  Model  41  and  S‘,  a  low  power  cw  laser  (Model  42  lRBer*) 
was  used  as  a  monitor  laser  to  continuously  measure  the  extinction  coefficient  at 
10.0  microns  as  a  function  of  time.  As  will  be  mentioned  later,  this  served  as  the 
primary  source  of  information  for  determining  when  to  fire  the  S9  laser. 

2.8  Figure  4  shows  the  experimental  arrangement  at  the  target  site.  The  power  meter 
measured  the  power  collected  from  the  Model  42  laser  as  a  function  of  time.  The  beam 
from  the  Model  42  was  split  with  a  beam  splitter  at  the  Beam  Transmitter  Room;  hence, 
by  monitoring  tho  power  from  the  Model  42  at  both  the  Beam  Transmitter  Room  and  the 
target  site,  any  fluctuations  in  power  of  tho  Model  42  could  be  noted.  The  Model  42 
was  typically  operated  with  u  total  output  power  of  20  watts,  with  10  watts  directed 
dowrange  with  a  telescope  to  the  indicuted  detector.  To  view  the  image  of  the  cw 
(Model  41)  laser,  its  beam  was  ullowed  to  impinge  on  a  diffuse  reflector  and  the  re¬ 
sulting  image  was  recorded  by  an  IR'noannlng  camera.  The  highest  camera  spaed  was 
BOO  lrumew/s,  ulthough  for  these  experiments,  the  framing  rate  was  usually  250  frames/s. 

2.7  T&U  liirocloruto ,  MtCOM,  also  monitored  C‘  and  visible  wavelength  transmission 
during  the  testy  using  the  indicated  sources. 


*  Model  42  baser  was  manufactured  by  Spectre-Physics ,  1250  West  Middlefield  Road, 
Mountain  View,  CA  04042 
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2.8  Figure  5  shows  a  photograph  of  the  enclosed  Transmission  Tunnel  taken  from  tho 
entrance  end  of  the  tunnel. 

2.0  Figure  6  shows  a  photograph  of  the  Beam  Transmission  Room.  In  the  loft  fore¬ 
ground,  one  can  see  the  Model  41  laser  on  the  table  along  with  the  expansion  telescope, 
which  expanded  and  focussed  the  beam  from  the  Model  41.  The  output  beam  from  the 
Model  41  was  approximately  Scm  in  diameter  and  was  gaussian  in  shape.  On  the  right  of- 
the  picture  one  can  see  the  exit  window  from  the  S*.  Also  shown  on  the  right  is  the 
output  mirror  with  the  hole  where  the  two  beams  from  the  S'  and  Model  41  are  combined 
and  directed  downrange.  At  the  upper  left  one  oan  see  the  monitor  laser  (42)  which 
was  used  to  continuously  monitor  the  extinction  coefficient  in  the  Transmission 
Tunnel. 

2.10  Figure  7  shown  a  block  diagram  of  the  laser  firing  sequence.  The  IR  transmission 
was  determined  with  no  smoke  present,  using  the  Model  42,  A  background  run  also  was 
made  on  the  IR  soanning  camera,  Smoke  was  released  and .following  the  firing  sequence 
as  indicated  in  Figure  7,  datavwri'  accumulated  as  a  function  of  absorption  coefficient. 

3.  RESULTS  AND  CONCLUSIONS 

3.1  Figure  8  shows  the  diffraction  pattern  of  the  S3  laser  at  (a)  the  laser,  (b)  the 

entrance  to  the  tunnel,  and  (c)  the  target  site,  without  smoke  in  the  tunnel.  As  can 

be  seen  from  the  diffraction  pattern  at  the  entrance  to  the  tunnel,  the  hole  almost 
has  filled, so  that  a  moderately  homogeneous  beam  existed  at  this  point  for  the  S3  laser 
beam.  As  can  be  seen  from  the  diffraction  pattern  at  the  target,  the  S3  laser  has  an 
almost  textbook  far  field  diffraction  pattern,  thus  indicating  very  good  beam  quality, 

3.2  Figure  9  shows  a  plot  of  E/E0vs,  absorption  coefficient  for  the  pulsed  laser, 

where  E0  is  the  output  energy  of  the  Ss  laser  and  E  is  the  energy  in  the  pulse  as 

recorded  at  the  target  site.  Tho  ratio  E/EQ  is  a  measure  of  the  transmission  through 

the  aerosols.  The  solid  curve  is  a  theoretical  plot  of  E/E0  "  e“  where  u  io  the 
path  length,  a  constant.  Clearly  any  indication  of  punch  through  will  result  in 
experimental  measurements  with  points  falling  above  this  theoretical  curve.  As  can  be 
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seen,  the  measured  points  do  i'all  above  the  theoretical  curve, indicut ing  some  punch 
through  or  path  clouring  i'or  white  phosphorus.  Within  the  experimental  uncertainty 

of  the  measurements,  there  is  complete  clearing  of  the  path  for  extinction  coeffi¬ 
cients  of  about  2.5  km-1  or  less.  The  deviation  from  the  theoretical  curve  becomes 

less  at  higher  values  of  the  extinction  coefficient.  This  iB  as  one  would  expect,  since 
an  increasing  amount  of  energy  is  required  to  clear  the  path, 

3.3  The  dashed  curve  shows  a  theoretical  fit  to  the  data  using  analytical  expres- 

1  fl 

sions  of  Lee,  Miller,  and  Jones  developed  for  propagation  of  laser  beams  through  a 
fog.  They  make  the  assumptions:  (1)  the  laser  beam  is  collimated,  (2)  absorption 
and  extinction  cross  sections  are  linear  functions  of  the  droplet  radius,  and  (3) 
volumetric  oonduation  from  the  droplet  can  be  neglected.  One  would  expect  the  fit  to 
be  improved  by  adjustment  of  the  analytic  expression  to  account  for  focussed  beams  and 
to  take  into  account  the  composition  of  the  droplet*  and  not  to  assume  they  are  com¬ 
posed  of  water,  Theae  improvements  currsntly  ars  being  msds, 

3.4  If  punoh  through  doss  exist,  one  would  expect  to  see  an  increase  in  the  intensity 
of  the  Modal  41  cw  laser  just  after  the  S'  pulsed  laser.  This  in  fact  was  observed. 
Figure  10  shows  computer  plots  of  frames  from  the  IR  Scanning  Camera  just  before  the 
pulsed  laser  and  for  2B  ms  after  the  pulsed  laser.  These  data  were  taken  when  the  ex¬ 
tinction  coefficient  was  24  km" 1 .  As  can  be  seen,  immediately  after  the  S'  pulse, 
several  peaks  occur  in  the  recorded  distribution  which  appear  to  die  away  as  a  funo- 

,tion  of  tinio  as  one  would  expect  as  the  punched  holes  fill  due  to  thermal  diffusion. 


*  Current  estimates  are  that  the  droplets  are  phosphoric  acid  plus  attached  water 
molecules, depending  on  relative  humidity. 
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FIGURE  2.  OVERALL  SKETCH  OK  EWERIMKNTAL  LAYOUT . 
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FIGURE  4.  EXPERIMENTAL  ARRANGEMENT  AT  THE  TARGET  RITE. 
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FIGURE  7.  BLOCK  DIAGRAM  SHCWING  LASER  FIRING  SEQUENCE. 
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FIGURE  8.  DIFFRACTION  PATTERN  OF  PULSED  LASER  AT 
(a)  LASER,  (b)  ENTRANCE  TO  SMOKE  TUNNEL,  AMD  (c)  AT  TARGET  SITE. 
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FIGURE  10,  COMPUTER  PLOTS  ill'  FRAMES  UK  IK  SCANNING  CAMERA  SHOWINC 
IMAGE  FROM  LOW  POWER  OW  LASER  JUST  BEFORE  PULSED  LASER  AND  24  FRAMES  AFTER 
PULSKIJ  LASER.  Till'.  TIME  SPAN  AFTER  THE  PULSED  LASER  EXTENDS  FROM 
U.J7  [UHI'L!  Til  29  IIUU'L'  . 
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ABSTRACT 


Thia  paper  deacrlbea  a  eet  of  aeroaol  maaaurementa  to  determine  the  effect  of  a  countermeaaure 
amok*,  whit*  phoaphorua  (WP),  on  a  pulaed  high-energy  laaer  (HEL)  bean.  An  analyala  of  the  aeroaol 
(gaaeou*  and  particulate  airborne  material)  me  uaed  a*  the  baala  for  ealculatlone  of  evaporative  clear¬ 
ing  and  application  vaa  made  to  a  given  epaciflc  teat  eltuatlon.  Linear  propagation  propertf.ee  forming 
the  baala  for  the  10.6pm  pulaed  laaer  nonlinear  effects  are  obtained  relatively  directly  by  uelng  apec- 
1  trophone  abaorptlon  and  extinction,  a  light  ecattarlng  particle  apectrometer  and  nephelometera  (particle 
denalty  a*  a  function  of  radlua  and  maea  loading),  and  dew-point  hygrometer  (partial  praeaur*  of  water 
vapor).  General  conclualona  are  that,  for  the  amok*  produced  by  burning  WP,  a  C02  pulaed  HEL  beam  can 
clear  the  optical  path  quit*  rapidly  and  afflclently.  The  abaorptlon  after  clearing  la  cauaad  by  the 
residual  vapor*  and  la  much  lower. 


1.  INTRODUCTION 


In  thl*  paper  aeroaol  characterlaatlon  measurements  are  analyaed  for  prediction  of  countermeaaure 
aerosol  effects  on  a  high-energy  laeer  (HEL)  beam.  Although  the  general  principle*  are  applicable  for 
varioue  beam  parameter*,  our  calculation*  will  be  oriented  toward  thoaa  of  a  pulaed  C02  laaer  (L0.6utu 
wavelength)  with  a  pul  an  length  of  about  3u*  and  a  total  beam  energy  of  about  200  J.  The  focua  of  thla 
effort  will  be  the  effect  due  to  evaporntlve  clearing.  The  baala  for  thermal  blnoming  (atmospheric 
leusing  due  to  thermally  craatad  denalty  gradients  In  the  beam)  (Oebhardt,  1976),  the  other  major  non¬ 
linear  effect,  will  be  established  by  describing  heating  of  the  ambient  gsaea  and  particles.  Threshold 
calculat Iona  show  that  the  3ua  pulse  of  theae  testa  la  short  for  strong  blooming  effect*. 


These  measurements  were  performed  In  conjunction  with  a  teat  of  an  HEL  having  the  parameters 
described  above.  The  beam  traversed  a  trench  approximately  100  m  long.  Thu  trench  was  covered  with 
polyethylene  forming  a  relatively  cloaed  environment  In  which  the  smoke  wai  dispersed  and  then  measured 
as  a  function  of  settling  time.  Most  of  the  characterisation  was  psrformcd  at  the  midportions  of  th* 
trench  end  assumed  to  approximate  a  spatial  average  since  the  smoke  mixing,  diffusing,  and  settling 
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TABLE  I.  WP  CHARACTERIZATION  INSTRUMENTATION 


Measurement 

Extinction  absorp¬ 
tion,  coefficients  at 

10.6um 

System 

CO,,  laser  apectro- 

phone 

Manufacturer 

ASL 

Part  ids  counting  and 

Active  cavity,  light 

Particle  Measurement 

siting 

ecatterlng  single 

systems  (Model 

particle  apectrora- 

atar,  HeNe 

ASASP-X) 

Whits  light  volume 

Nepheloraeter 

Meteorological 

sctttarlng  cosffi- 

Raeearch  Instruments 

clsnts  calibrated  to 

maasure  abaorptlon 

for  the  amoke  of 

phoaphorua 

(Model  2050B) 

Relative  humidity  and 

Daw-point  hygrometer, 

Edgerton-Oermehausen 

partial  praaaura  of 

water  vapor 

thermometer 

and  Drier  (Model  880) 

Of  the  absorbing  garsous  constituent*  at  10.6wo,  water  vapor  wa*  expected  to  ba  by  fur  the  stron¬ 
gest.  The  vary  high  temperature*  and  dev  point*  produced  In  the  trench  by  the  greenhouse  effects 
resulted  In  relatively  high  partial  pressure*  and  thus  high  gaseous  absorption  coefficients.  The 
Edgarton-Gsrmehauaen  and  Crier  (EG&G)  condensation  plate  dew-point  hygrometer  wns  used  to  obtain  thu 
water  vapor  partial  pressures  from  which  the  water  vapor  absorption  coefficients  were  computed. 
Although  site-peculiar  gases  are  possible  contributors,  contributions  to  the  net  10.6um  absorption  coef¬ 
ficient  due  to  other  ambient  gases  can  be  reasonably  estimated.  Relative  humidity  values  obtained  from 
the  dew  point  and  temperature  data  ware  also  used  to  compute  fractional  water  content  of  the  wry  hygro¬ 
scopic  smoke  of  burning  phoephorue*  This  computation,  in  turn,  waa  used  to  determine  the  appropriate 
complex  refractive  index  and  other  physical  properties  of  the  smoke. 

The  distribution  of  particles  with  rsspert  to  else  is  important  since  the  calrulat lonn  of  the  non¬ 
linear  effect#  are  also  generally  alee  dependent.  The  Instrument  used  (ASASP-X)  had  been  subjected  to 
294  laboratory  tests,  first  with  parttclss  of  known  sires  to  determine  accuracy  in  airing  imd  then  with  the 
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smoke  of  phosphorus  to  determine  response  to  high  densities.  Calibrations  with  respect  to  absolute 
density  for  each  Increment  of  particle  radius  are  difficult  to  perform  with  accuracy  and  have  not  been 
iic.eompllshod  for  this  Instrument.  As  stated  then,  the  form  of  the  particle  Blse  distribution  was  the 
ubJncL  of  this  measurement.  Thu  absolute  magnitude  of  the  absorption  wna  obtained  by  ustnR  another 
technique— -the  spactrophone . 

The  authors'  application  of  spectrophonas  to  atmospharlc  gaits  and  partlculataa  la  documented  tn 
the  lltsratura  (Bruce  and  Pltmlck,  1977;  Bruce  et  al  1980)  and  in  another  paper  of  these  proceedings 
(Bruce,  Yaa,  and  Duran  1981).  in  a  more  recent  publication  (Bruce  and  Yee,  1980),  the  authors  discuss 
thalr  epsettophone  research  on  the  imoke  of  WP.  The  particular  ayitem  used  for  these  measurements  was 
designed  for  field  use  and  la  tunable  and  stabilised  for  several  10pm  laser  lines.  Figure  1  shows  a 
schematic  cross  section  of  thia  system. 


3.  AMBIENT  ABSORPTION 


The  ambient  gas  and  particulate  absorption  cost fiuisnts  wsre  msssursd  bafors  the  taste.  The  par¬ 
ticulate  abaorptlon  was  obtained  indirectly  by  using  particle  counting  reaults.  Lorant-Mle  calculations 
were  based  on  these  date  and  complex  refractive  indicts  for  soil-based  (clay)  dust.  Though  not  really 
precise,  thia  technique  usually  Is  accursta  within  a  factor  of  thrse.  The  ambient  level  of  particulate 
abaorptlon  (coefficient)  was  found  to  be  approxlnstely  10"3  km”1.  The  total  (gaseous  and  particulate) 
absorption  coefficient  as  measured  by  ths  spectrophorts  was,  as  expected,  much  higher.  Conditions  within 
the  trench  were  relatively  repeatable  from  dey  to  day.  Typical  parameters  for  calculations  and  calcu¬ 
lated  values  are  shown  on  table  It. 


TABLE  II.  CALCULATED  RANGE  OF  GASEOUS  ABSORPTION 
COEFFICIENTS,  a,  IN  TRENCH  (PRE-SMOKE  TEST  VALUES) 


Date/ 

Tima 

Daw  point 
Tomparaturu 

_ (*0) _ 

Partial 

Pressure 

....Jtorr) 

a 

)  H2° 

(ho-1) 

a 

co2 

?330  ppm 
(Rm-1) 

a 

Total 

(minus  trsca  gaaca) 

...  . . <R»->) 

28-29  Jul 

4-5  pm 

80 

26.2 

0.66 

0.08 

0.74 

30  Jul 

5  pm 

89.0 

35.0 

l.U 

0.08 

1.19 

3  Aug 

1 1  am 

SB .  8 

34.8 

t ,  09 

0.08 

1.17 
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The  partial  water  pressure  was  baaud  on  extrapolations  from  the  data  of  Yin  et  al  (1968),  and  the 
results  were  based  on  data  of  Shumate  et  al  (1976),  about  11  percent  lower  for  those  partial 
pressures.  One  tunnel  section  (within  A  m  of  the  measurement  systems)  was  removed  for  the  28-29 
August,  A  tO(  5  pm  times.  The  section  cover  was  relnstal li  1 , be  fore  the  aerosol  tents,  and  the  data  here 
for  30  July  and  3  August  art  for  complately  covorad  trenches. 

The  measured  gaseous  absorption  coefficient  corresponding  to  the  first  example  (data  of  28-29  July 
1980)  was  l.l  km-1.  Probable  error  figures  on  this  msaturement  are  not  precise  but  are  estimated  to  be 
0.2,  largely  because  of  temporal  variations  due  to  unknown  eouroe(s).  Higher  than  predicted  value*  of 
the  nbaorptlon  coefficient  frequently  occur  in  AS  I,  field  measurement!  of  ambient  absorption  at  10um 
wavelengths, 

Absorption  due  to  trace  constituents  could  elavata  the  value  considerably,  A  rough  rule  of  thumb 
la  that  trees  gas  absorption  (within  an  absorption  band  region)  often  reach**  or  exceeds  1  (ppm-km)"1 
and,  of  course,  1  ppm  Is  not  a  high  concentration, 

A.  AEROSOL  CHARACTERIZATION  FOR  TESTS 

Aorosol  characterisation  for  two  taat  iltuationa  will  h#  dlacusasd.  The  dataa  and  approximate 
starting  tlmas  ara  listed  as  ths  lattsr  two  examples  In  tabls  It  (Information  for  30  July  1980  and  3 
August  I960),  The  most  notable  difference  In  the  conduct  of  these  two  testa  Is  the  time  of  day,  Aero¬ 
sol  characteristics  were  similar,  In  ths  mean. 

Ths  procedure  was  to  Ignite  phosphorous  smoke  grsnsdns  in  ths  trench  at  about  the  one-quarter  and 
thrue-quarter  length  poettlona.  The  smoke  dtsparisd  roughly  over  a  2-h  period  during  which  aerosol 
measurements  were  made.  The  data  and  analyaaa  will  bit  presented  as  functions  of  the  evolving  aerosol 
syatum  and  Implications  for  nonlinear  affact*  will  be  diacuusad, 

Particle  else  distribution  evolved  generally  as  expected  from  prior  laboratory  measurumanta  on  the 
sarau  nuroaolj  that  la,  the  moan  densities  decreased  and  the  peak  moved  to  progressively  smaller  elms. 

Figure  2  represents  a  plot  of  the  differential  absorption  based  on  the  particle  sl.se  distribu¬ 
tion.  The  absorption  peak  occurs  at  a  radius  of  about  l.2pm  soon  after  the  smoke  Is  dispersed  and 
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decrease*  relatively  smoothly  to  about  0.4pm  In  roughly  2  h;  In  the  same  time  the  peak  absorption  level 
has  dropped  roughly  two  orders  of  magnitude.  At  the  midpoint  In  thta  2-h  evolution,  80  percent  of  the 
absorption  occurs  within  a  radius  span  of  approximately  0.30pm. 

The  background  particulate  absorption  (~  10"3  km-1)  Is  represented  by  the  lowest  curve  labelud 
1641,  that  Is,  before  the  smoke  wee  released. 

The  total  absorption  coefficients  as  calculated  from  the  particle  alee  and  density  Information  are 
plotted  as  a  function  of  time  In  figure  2.  for  this  presentation,  l-mln  averages  obtained  at  approxi¬ 
mately  10-mln  Intervals  aru  connected  by  stralght-llna  segments.  Thaaa  valuaa  are  much  lower  than  those 
of  the  apectrophone  measurements.  The  apectrophone  yielded  absorption  and  sxtlnctlon  coefficient  peak 
valuaa  (In  asperate  measurements)  of  about  200  and  220  km**1,  while  the  particle  counter  result  wee  much 
lower.  This  difference  is  believed  to  be  due  primarily  to  low  counting  eff ictehetee  and  sampling  errors 
In  unknown  proportions >  As  the  purpose  of  alilng  and  counting  fot  thaaa  testa  was  to  obtain  measure¬ 
ments  of  the  form  of  the  else  distribution  aa  a  function  of  tirai  rather  than  absolute  values,  this  dif¬ 
ference  la  not  a  problem.  Prior  calibration  of  the  counter  using  monodleparee  aerosols  precludes  alilng 
as  e  prime  source  of  error,  likewise,  the  optical  constants  and  calculatlonal  achama  Introduce  uncer¬ 
tainties  that  are  vnry  small  compared  with  the  difference. 

The  largest  else  particles  arc  most  Important  In  the  calculation  of  the  total  absorption  because  of 
the  rapid  Increase  with  particle  radius  of  the  Lorens-Mle  efficiency  factor  for  the  absorption  cross 
section.  Therefore,  the  eppurent  Increase  with  time  in  the  densities  of  the  relatively  email  particle* 
(whoso  signals  are  probably  masked  In  the  counter  by  those  from  the  lsrgtr  particles)  is  not  of  concern 
litre.  A  deslgned-ln  characteristic  of  the  counter  Is  also  partly  at.  fault  in  this  mtaroprnaontat ion 
which  causes  a  "tu I llng-of f"  effect  In  the  signals  representing  progressively  smaller  vises. 

Calculations  to  fullow  art  hnsod  on  the  peak  absorption  values  which  agree  woll  with  the  anthoi's 
previous  predictions  baaed  on  laboratory  measurements  (Bruce  and  "fee,  1980)  (within  15  percent). 


The  measurement  of  extinction  coefficient  derived  from  power  loss  In  the  spec trophnna  la  satisfac¬ 
tory  at  high  values  (early  In  the  test)  but.  Is  not  useful  below  10  km-1  due  to  the  t|uestlon  of  power 
muter  drift.  Figure  4  shows  the  extinction  coefficient  for  the  teal  of  figure  3.  The  slope  of  the 
decreasing  extinction  coefficient  with  time,  however,  agrees  well  with  that  found  by  using  the  PHfl  par¬ 
ticle  counter  data.  An  electronic  problem,  presumed  to  bu  overheating  of  system  electronics  prevents 
complete  comparison  ef  spud rnpltonc  absorption  data  for  this  test. 
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FIGURE  3.  CALCULATED  ABSORPTION  COEFFICIENTS  AT  10.6Mm  \ 
FOR  SMOKE  OF  PHOSPHORUS  DURING  FIRST  TEST. 
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Tlrae  variations  culled  from  the  extinction,  the  density  distribution,  ni:d  the  absorption  measure¬ 
ments  st  the  locution  of  the  apparatus  were  greater  than  a  factor  of  five  for  integration  times  less 

than  3  s  and  about  a  factor  2  to  3  for  Integration  times  of  1U  s,  However,  a  spatial  density  average 

over  an  much  as  10  percent  or  greater  volume  of  the  trench  probably  varies  less  than  20  perrent. 

Temperatures  In  the  trench  were  somewhat  lower  than  the  temperatures  In  the  first  test  even  though 
the  second  tests  were  during  midday  (the  30  July  test  was  later  In  the  afternoon) •  Particle  sice  dis¬ 
tributions  and  their  evolution  In  tlrae  were  similar  In  form  though  the  corrosive  action  of  the  Btnoket 
caused  a  reduction  in  particle  counter  laser  power  for  this  test.  The  spectrophone  measured  peak 
absorption  and  extinction  values  were  virtually  the  same  at  200  km*1.  Absorption  coefficient  as  a  func¬ 
tion  of  time  for  this  test  Is  shown  In  figure  S>  For  a  resolution  time  of  about  2  a,  the  magnitude- 
fluctuates  by  more  than  «n  order  of  magnitude.  The  same  data,  when  averaged  over  about  a  minute  for 
each  of  the  sampling  periods,  yield  a  much  mors  steady  decrease.  This  decrease  has  nearly  the  name  mean 
slope  as  that  calculated  from  the  particle  counter  data  though  the  magnitudes  are  vrry  different. 

The  reduction  of  the  relative  humidity  resulting  from  the  Introduction  of  the  smoke  Into  the  tunnel 

was  calculated  and  a  partial  pressure  change  of  less  than  0,1  torr  wau  obtained.  This  change  la  negli¬ 

gible  for  effects  of  Interest  hete, 

3.  EFFECT  OF  EVAPORATIVE  CLRARINC  OH  HIGH  POWER  BEAMS 

The  tendency  to  punch-through  the  ebsorbing  countermeasure  aerosol  WP  la  of  prime  Interest  here, 
and  parameters  from  the  two  similar  tests  will  be  used  as  a  basis.  The  thermodynamic  and  optical  bases 
for  the  calculations  will  be  sppl led  by  using  laser  beam  parameters  relevant  to  a  system  whose  beam 
parameters  are  to  be  described  (US  Army  Missile  Command  |MIC0M]  S3  system).  Gllckler  (1971)  and  Sutton 
(1978)  used  elaborate  (but  still  Inexact)  Integral  solutions  to  describe  clearing  by  fog. 


6-  CALCULATIONS,  PART  1:  EVAPORATION  OF  SINGLE  PARTICLES 

Particles  are  first  heated  to  boiling  T,  assuming  spatially  uniform  heating  of  the  particle,  and 
then  energy  is  added  to  evaporate  them,  that  is 
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FIGURE  «.  MEASURED  EXTINCTION  COEFFICIENT  AS  A 
FUNCTION  OF  TIME  DURING  THE  FIRST  TEST. 
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FIGURE  5.  SPECTROPHONE  MEASUREMENTS  OF  ABSORPTION  COEFFICIENT 
AS  A  FUNCTION  OF  TIME  FOR  THE  SECOND  TEST. 
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■  eha  bulk  denelty  of  the  phoaphocoua  emoke 
“  th«  apaclfle  heat  of  tha  bulk  anoka  tutorial 

*  tha  eadll  of  partlclaa  and  beam 

•  tha  Loranx-Mla  efficiency  for  tha  imoke  partlclaa 

«  tha  latant  haat  of  vaporlaatlon  of  tha  bulk  amoka  aatarlal 


Tha  aum  of  thaaa  two  proeaaaaa  rapraaanta  tha  total  beam  energy  which  haa  paaaad  tha  plana  of  a 
particle  of  radlua  Rp  at  tha  tlma  of  evaporation,  that  la, 


Bcu«<y  -  w +  E 


LHV 


<v 


An  examination  of  tha  S3  laaar  pulaa  Intanalty  profllea  lad  to  tha  auggeition  that  tha  pulaa  be 
modeled  aa  triangular  In  time.* 


Hera  It  la  aaeumed  that  tha  particle  la  vaporlaed  and  vaporoue  at  time  t'>  The  flrat  almpllfylng 
aaeumptlon  la  Juetlfled  alnca  clearing  la  effective  whan  particle  dlaaetera  are  reduced  In  boiling  by 
contldarably  laaa  than  an  order  of  magnitude  (aee  figure  2).  The  aecond  aaeumptlon  followe  from  kinetic 
calculation  ehowlng  chat  diaperaal  velocltlea  are  aufflcient  to  fora  an  affective  vapor  atate  within  an 
interval  very  ahort  compared  with  the  pulaa  duration. 

Figure  6  ahowa  tha  problem  achamatlcally . 


Then, 


t' 


tpulae 


*8111  .lonea,  M1C0H,  private  communication 


304 


UNCLASSIFIED 


...  ..MaaMtfii  u  nr! ;  m w uwai^aMiuuaxuiaaiafa^^ 


UNCLASSIFIED 


1 

thr 
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FIGURE  i.  USER  PULSE  I  EXPENDITURE  OF  ENERGY. 


Now  the  energy  (or  power)  density  distribution  In  tha  boom  must  ba  determined.  Tha  Job  1*  eimpli- 
flad  alnca  tha  laaar  output  la. a  line-square,  that  la,  two  palra  of  parallel  allti  In  orthogonal  direc- 
tlona.  The  approach  la  to  estimate  tha  dlatrtbution  of  anargy  In  tha  far  flald  pattern  or  that  In  tha 
area  under  the  twin  allt  lntenalty  profile. 

I  ~  „  (cos2  u)  , 

S2 


We  uae  the  far  flald  burn  pattern  and  tha  double-elit  part  of  tha  calculation  to  find  the  critical 
dimension,  that  la,  U  ■  4.535  x  103. 


The  dlatrlbutlon  of  energy  In  tha  lobea  la  given  In  table  111. 


TABLE  III. 

DISTRIBUTION  OF 

ENERGY  IN  PAR  FIELD  BEAM 

LOBES  FOR  B3  LASER 

Lobe* 

Number 

Percent  E 
per  Lobe 

Percent  E  par  Lobe 

T.obe  Area 
(cm-2) 

Energy  Density  per  Lobe 
for  210181  “  200  J 
(J/era2) 

0 

18.7 

7.19 

14.4 

1 

8.5 

4.47 

8.94 

2 

6.3 

3.32 

6.64 

3 

•US 

1.95 

3.90 

4 

1.5 

0.79 

1.5B 

5 

0.3 

0. 16 

0.32 

‘Increasing  away 

from  center 
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The  tine  for  Individual  particles  to  evaporate  and  the  fractional  energy  remaining  to  be  trans- 
oltted  after  clearing  will  be  calculated.  The  clearing  effect  ae  a  function  of  the  total  smoke  absorp¬ 
tion  will  then  be  obtained. 


The  clearing  process  effectively  reduces  the  absorption  to  gaseous  levels  which  are  much  lower, 
that  is,  to  near  normal  atmospheric  levels.  The  scattering  Is,  of  course,  also  greatly  reduced)  how¬ 
ever,  fur  the  smoke  of  WP,  the  fraction  of  C02  laser  beam  energy  scattered  to  that  absorbed  Is  less  than 

0 

10  percent.  The  atmospheric  propagation'  Is  therefore  related  to  the  punch-through  effect  In  a  form 
illustrated  In  figure  7. 


Tables  IV  and  V  show  rapid  and  affective  clearing  as  a  function  of  smoka  particle  site  for  a  rela¬ 
tive  humidity  of  35  percent.  Earlier  data  show  that  very  few  particles  are  larger  than  Rp  ~  4pm  and 
that  the  clearing  efficiency  la  almost  Independent  of  site  to  that  point  because  of  the  Increase  In 
Lorens -Mie  efficiency  with  radius  (up  to  Rp  -  4pm)  in  spite  of  the  growing  mass  to  be  evaporated.  Coin¬ 
cidentally,  this  convenient  Independence  disappears  for  the  larger  particles.  The  last  column  rep¬ 
resents  the  single  particle  efficiency  of  punch-through  or,  In  other  words,  the  percentage  of  energy 
available  after  evaporation.  The  transmission  is  not  unity  at  that  point  (as  was  mentioned)  but  reverts 


FIGURE  7.  ILLUSTRATION  OF  RELATIONSHIP  LETWKKN 
LASER  PULSE  AND  PROPAGATION  PARAMETERS 
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TABLE  IV.  PARAMETERS  OF  SINGLE  PARTICLE  CLEARINC  AS  FUNCTIONS  OF  PARTICLE 
SIZE  AND  BEAM  LOBE  NUMBER  FOR  ETQTAL  »  200  J  AND  TpuLgE  •  3.2us 


Center 

Lobe  (0) 

Energy 

-  40.0  J 

Tima  to 

Fraction  of  Energy 

(pB) 

Qa 

Evaporate 

In  Remaining 

<wm) 

Portion  of  Pulae 

0.01 

0.00202 

1.68  x  10-1 

0.90 

0.03 

0.0101 

1.68  x  10“l 

0.90 

0.10 

0.0203 

1.67  x  10*1 

0.90 

0.15 

0.0305 

1.67  X  10'1 

0.90 

0.20 

0.0311 

1.32  x  10"1 

0.92 

0.40 

0.0828 

1.64  x  10*1 

0.90 

0.60 

0.127 

1.60  x  10"1 

0.90 

1.0 

0.222 

1.32  x  10*1 

0.91 

2.0 

0.490 

1.38  x  10"1 

0.92 

4.0 

0.904 

1.30'  x  10-1 

0.91 

8.0 

1.217 

2.25  x  10“l 

0.87 

10.0 

1.265 

2.72  x  10“ 1 

0.B4 

13.0 

1.2600 

4.20  x  10* 1 

0.76 

20.0 

1.2123 

6.00  x  10“l 

0.66 

7.  CALCULATIONS,  PART  III  COLLECTIVE  EFFECT 

From  theaa  raault*  on*  ctn  calculate  the  n*t  clearing  effect  on  the  beam.  Thie  phenomenon  will  be 
illuatratad  In  th*  following  calculation*.  For  thla  purpoa*  tha  particle  alee  correapondJng  to  th*  peak 
abaorptlon  for  aalected  aettllng  time*  will  be  uaed. 

Th*  expenditure  of  energy  a*  a  function  of  aaroaol  loading  can  be  calculated  from 
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I’ARAMETKRS  OF  CLEARING  FOR  SPECIFIC  CONDITIONS  (SECOND  TEST) 
AND  USING  PARTICLE  RADII  OF  PEAK  ABSORPTION 

Time:  1159 
Run  Number  7716 

'max  "  3-°« 

Btotul  “  M*9  J 
Rp  *•  I  .OUffl 
qa  0.2217 


Beam  Lobe 
Number 

pmax 

Time  to  Boll 
and  Evaporate 

Fraction  of  Energy 
in  Remaining 

(from  center) 

<w> 

(w»> 

Portion  of  Pulaa 

0 

1.81  x 

10 ' 

2.12  x  10-1 

0.86 

1 

8.21  x 

106 

3.50  x  10" 1 

0.78 

2 

6.09  x 

10  6 

A. 83  x  10"1 

0.70 

3 

3.57  x 

10fa 

8.90  x  10“l 

0.A9 

A 

1.A3  x 

10  b 

>3.0 

0.0 

3 

2.90  x 

105 

>3.0 

0.0 

where  t'  U  tha  time  to  evaporate  and  tpulij  la  the  total  pulaa  duration.  Hara  t'  will  Lava  baan 
lncraaaad  over  that  of  tha  alngla  partial*  function  aa  a  raault  of  tha  maa*  loading.  For  particle*  of 
given  alae  and  composition,  t'  la  an  lnveraa  function  of  Pail)|.  (1)  represents  tha  path  langth  within 
the  aerosol  medium.  The  time  to  evaporate  at  a  given  poeltlon  along  the  trench  la  now  dependent  on  that 

A 

poeltlon  although  the  above  equation  la  written  aa  though  It  depende  only  on  the  and  point.  Thle 
eimplif lcatton  doee  not  elgnlf lcantly  titer  the  reaulta  hara.  For  tha  calculatlona  to  follow,  open  air 
dlaparial  of  UP  waa  assumed)  therefore,  tha  peak  abaorption  la  for  particles  of  lwn  to  1.2pm  radlua  (see 
early-time  data  of  figure  2).  The  relative  improvement  In  the  energy  transmitted  when  punch-through  4 
occurs  la  shown  In  table  VI.  The  Improvement  In  energy  transmitted  1*  truly  algnlflcant  (compare 
columns  A  and  8)~ even  though  the  pulsed  leeer  on  which  tha  calculated  parameter*  were  baaed  on  a  rela¬ 
tively  email  one.  The  smoke  of  phosphorus  clears  significantly  for  a  fairly  broad  range  of  aeroaol 
abaorption  coefficient*  (or  alternatively  a  range  of  aerosol  mass  loading  value*).  For  relatively  low 
abaorption  coef f iclenta ,  clearing  can,  of  courie,  do  little  to  enhance  the  total  mergy  transmitted. 

The  enhancement  duu  to  clearing  determined  by  tha  above  presentation  extendi  to  abaorption  coefficient* 
nf  ii.veral  tens  per  kilometer  (typical  field  valuel)  for  even  the  relatively  low  energy  system  of  these 


A-'M 

TABLE  V. 
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Lob  t  h  ■  Cl  i' Mi' lii)',  1-11111.1  iiuuu  to  be  significant  foe  this  (and  other  volatile)  aerosols  to,  ro-  _ , 

loading  it  will oli  lii'rim  energy  1h  consumed  In  the  evaporation  process.  Screening  of  available  energy  for 
purl  IiMpm  frir  i  her  from  the  Hourru  Cannes  n  significant  Increase  In  t’  at  about  15  km-1  though  the 
Increase  dep.'nihi  iimnewh.il  on  Ineturn  miii-Ii  an  particle  stsu  and  relative  humidity. 

Generally,  thermal  blooming  and  evaporutlvu  clearing  effect*  are  Interactive!  that  Is,  the  power 
density  In  affected  by  the  thermal  blooming  which  In  turn  affects  the  evaporative  clearing,  Thermal 

* 

blooming  depends  on  bean  parameters  (power  density,  pulse  length,  and  pulae  ahape)  and  ntmoapherlc 
parameters  (gaseous  and  particulate  abaorptlon,  croaiwtnda,  and  turbulence).  Blooming  effecta  on  the 
teet  beam  have  boun  calculated  not  to  be  strong  fur  the  given  bean  parameter* t  therefore,  for  this  anal- 
ysle,  these  effects  Imve  been  Ignored. 

8.  CONCLUSIONS 

Aerosol  , charaoturlaat Lon  performed  on  tho  awoke  of  WP  wee  used  tD  calculate  punch-through  or  evapo¬ 
rative  cleaving  on  a  pulaed  CO^  laser  beam.  Thia  effect  can  be  significant  for  HKL  uao.  High  energy 
pulaud  CG_,  laaor  beams  can  effectively  penetrate  phoBphorua  (red  phoaphorua  and  WP)  countermeasure 
smoke,  though  tho  degree  uf  ufflctency  depend*  on  beam  and  aeroaol  parameter*.  Thla  ef fectlvcnaaa  la 
related  tn  the  volatility  and  absorbing  qualities  of  the  amok*  partlclaa.  Repetitive  and/or  long  pulses 
can  encounter  strung  thermal  blooming  which  counteract*  the  clearing  effect  due  to  the  high  level  of 
aerosol  absorption.  This  report  dlar.usBes  the  development  of  an  analytical  model  and  lta  application  to 
aeroBol  p-.rnmutars  that  derive  from  measurements  tn  an  extended  encloaure  at  the  M1C0M  In  Huutavllle, 
Ah,  and  then  In  aerosol  parameter*  that  are  more  typlral  of  atmospheric  dispersion  of  the  smoke  (repra- 
.  Dented  primarily  by  relatively  large  dlametor  particles).  The  laser  beam  parameter*  In  both  case*  are 
relevanL  in  the  M1C0M  high  enetgy  reiluarch  laaer.  The  aeroBol  absorption  raeaauremcnt  syBtpmn  employed 
In  situ  acronol  MpcctrophoiuiH  developed  at  ASL.  Thermal  blooming  la  calculated  tn  be  minimal  for  the 
beam  paramet ms  of  the  MtCOM  (S1)  laser  a*  used  tn  these  tests  and  therefore  Is  not  expected  to  slgnlfl- 
cuntly  affect  the  ealoulntlrmii  of  tho  clearing  phenomenon. 
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TABLE  VI.  PARAMETERS  SHOWING  EFFICIENCY  OP  PUNCH “THROUGH 
FOR  EToTAL  -  AO  J  FOR  CENTER  LOBE 


U) 

Aerosol 

Absorption 

Coefficient 

(km"1) 

(2)  (3)  (4) 

On-Target 
Energy 
t'  Without 

Time  t;o  Clearing, 

a  x  L  Evaporate  E/40 

(L  ■  10"1  km)  Aerosol  for  a  a  L 

(5) 

t  --P  * 

pill  HO  1 

cpulee 

(6) 

LLJLi°. 

tpulee 

(J) 

(7) 

(5)  x  40 
(J) 

(8) 

On-Target 

Energy 

With 

Clearing 
(6)  +  (7)/40 

0.0 

0.0 

1.32 

X 

10“' 

1.00 

0.953 

1.9 

38.1 

t.oo 

0.1 

0.001 

1.34 

X 

10“' 

0.99 

0.952 

1.91 

38.08 

1.00 

0.5 

0.03 

1.60 

X 

10“' 

M3 

0.950 

1.9 

38.00 

1.00 

1.0 

0.10 

1.68 

X 

10“' 

0.90 

0.948 

1.89 

37.90 

0.99 

1.3 

0.13 

1.78 

X 

10“' 

0.86 

0.944 

1.91 

37.80 

0.99 

2.0 

0.20 

1.87 

X 

10“' 

0.82 

0.942 

1.92 

37.70 

0.99 

2.3 

0.25 

1.97 

X 

10“' 

0.78, 

0.938 

1 .92 

37.50 

0.98 

3.0 

0.30 

2.08 

X 

10“' 

0.74 

0.933 

1.92 

37.40 

0.98 

4.0 

0.40 

2.30 

X 

10*' 

0.67 

O.930 

1.93 

37.20 

0.98 

5.0 

0.30 

2.36 

X 

10*' 

0.61 

0.920 

1.95 

36.  BO 

0.97 

10.0 

1.00 

4.34 

X 

10“' 

0.37 

0.864 

2.01 

34.60 

0.92 

13.0 

1.30 

7.36 

X 

10“' 

0.22 

0.764 

2.08 

30.60 

0.82 

20.  U 

2.00 

1.41 

X 

10“b 

0.14 

0.359 

2.47 

22.40 

0.62 

21.0 

2.10 

1.63 

X 

10“b 

0.12 

0.491 

2.45 

19.60 

0.35 

22.0 

2.20 

1.92 

X 

10“b 

0.11 

0.400 

2.64 

16.00 

0.47 

23.0 

2.30 

2.34 

X 

10“b 

0.10 

0.269 

2.93 

10.80 

0.34 

23.3 

2.33 

2.70 

X 

10“b 

0.095 

0.136 

3.21 

6.24 

0.24 

23.7 

2.37 

2.97 

X 

10*b 

0.093 

0.072 

2.45 

2.88 

0.16 

23.8 

2.38 

>3.2 

X 

10“b 

0.093 

— - 

— 

— — 

24.0 

2.40 

>3.2 

X 

10“b 

0.091 

—  * 

— 
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NEAR- I R  EXTINCTION,  BACKSCATTER,  AND  DEPOLARIZATION  Or  SMOKE  WEEK  III  AEROSOLS 
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ABSTRACT 

The  0,9  vm  extinction  coefficient,  baekscatter  coefficient,  and  depolarization  were  measured  at 
Smokg  Week  III  In  various  conventional  and  experimental  smokes,  The  laser  Instrumentation  was  situated 
near  the  middle  of  the  main  sampling  line  and  provided  localized  measurements  of  these  parameters  as  a 
function  of  time.  The  spatial  resolution  of  the  measurements  wes  about  1  m, 

The  baekscatter  properties  of  WP,  RP,  HC,  fog  oil,  various  experimental  IR  screeners,  and  other 
aerosols  are  compared.  Some  of  the  IR  screeners  ware  found  to  have  very  high  depolarization,  In  contrast 
to  negligible  depolarization  for  tho  conventional  aerosols,  The  baekseatter-to-extlnctlon  ratios  for 
some  of  the  IR  screeners  were  also  found  to  be  significantly  higher  than  for  the  conventional  smokes  6r 
the  cumulus  and  stratus  clouds  measured  previously, 

1.  INTRODUCTION 

The  Harry  Diamond  Laboratories  (HOL)  performed  0.9  um  extinction  coefficient,  baekscatter  coeffi¬ 
cient,  and  depolarization  measurements  at  Smoke  Week  III.1  The  HDL  short-range  laser  baekscatter  probe 
(or  nephelomster)  makes  local  measurements  of  these  parameters,  as  a  function  of  time,  at  Its  position 
In  the  aerosol  cloud.  The  probe  was  In  the  Instrument  cluster  area2  that  was  near  the  32-m  tower,  where 
It  was  planned  to  have  the  center  of  the  aerosol  cloud  drift  for  each  trial.  The  HDL  measurements  and 
data  analysis  were  partially  supported  by  PM  Smoke/Obscuranti  and  Naval  Weapons  Support  Center. 

Knowledge  of  the  extinction  coefficient  Is,  of  course,  necessary  to  determine  the  thickness  of  an 
aerosol  cloud  through  which  a  system  can  see  a  target.  The  baekscatter  coefficient  Is  Important  for 
determining  the  signal  magnitude  backscattered  Into  a  system  such  as  a  fuze  or  target  designators  this 
signal  may  causa  false  target  Indications.3'4  The  ratio  of  the  extinction  to  baekscatter  coefficients 
Is  an  Important  parameter  that,  under  most  conditions,  determines  the  maximum  aerosol  backscattered 

C 

signal  fnr  a  given  system  from  a  particular  aerosol  type,  Independent  of  concentration.  One  possible 
method  for  discriminating  between  an  aerosol  backscattered  signal  and  a  legitimate  target  signal  Is 

3 

based  on  polarization  effects.  The  measurement  of  depolarization  effects  of  aerosols  Is  Important  to 
assess  the  feasibility  of  such  techniques.  Both  the  extinction  to  baekscatter  ratio  and  the  depolar¬ 
ization  of  the  aerosols  c»n  also  provide  Information  about  the  aerosol  particles  themselves,  such  as 
aspheric  1 ty .  Such  Information  may  be  Important  In  the  development  of  new  types  of  screening  aerosols. 

2,  DESCRIPTION  OF  THE  EXPERIMENT 

The  laser-backscatter  probe  Is  a  short-range  Ildar  system  comprising  a  0.9  pm  GaAs  Injection  laser 
transmitter  and  two  nearly  Identical  receivers.  The  transmitter  3-dB  pulse  width  Is  around  5  ns.  The 
receivers  employ  narrowband  optical  filters,  avalanche  photodiodes,  and  wideband  amplifiers  (risetime 
<?.  ns).  They  are  located  close  to  and  on  either  side  of  the  transmitter,  The  transmitter  optics  form 
a  narrow  pencil  beam  having  a  divergence  of  about  15  mrad;  the  fields  of  view  of  the  receivers  are 
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25  mrad. 

At  Smoke  Week  III,  the  transmitted  radiation  was  linearly  polarized  by  means  of  a  sheet  polarizer. 
One  receiver  had  no  polarizer  while  the  other  had  a  linear  sheet  polarizer  that  was  crossed  with  respect 
to  the  transmitter  polarizer.  The  two  receivers  were  symmetrically  located  and  aligned  with  respect  to 
the  transmitter  so  that  they  had  nearly  Identical  sensitive  regions.  The  alignment  of  the  system  at 
Smoke  Week  III  Is  Illustrated  In  figure  1;  the  range-response  function  for  the  two  receivers,  which  may 
be  obtained  by  walking  a  diffuse  target  towards  the  transceiver,  Is  shown  In  figure  2.  Thus  the  two 
receivers  observed  the  total  and  the  cross-polarized  aerosol  backscatter  from  the  same»O.0  m  3-dB  width 
region  In  the  aerosol.  Actually,  the  scattering  angle  of  the  received  radiation  was  177.311.9  deg, 
rather  than  pure  backscatter. 

A  diffusely  reflecting  target  was  posltluned  In  the  beam  3.2  m  from  the  probe  (see  figure  1).  At 
this  dlstence,  the  system  sensitivity  to  airnt.il  backscatter  Is  very  low  (see  figure  2),  but  because  the 
target  reflectivity  was  high  (*50  percent),  the  signal  reflected  from  the  target  could  be  readily 
observed.  Furthermore,  the  system  response  time  was  sufficiently  fast  to  separate  this  signal  from  the 
aerosol  backscatter  signal  peaked  at  1.5  m. 

The  system  has  an  Internal  reference  feature  which  provides  pulse-to-pulse  monitoring  of  system 
variations.  The  light  from  the  laser  Is  coupled  by  fiber-optic  cables  both  to  the  transmitter  optics 
and  directly  to  the  detectors.  The  extra  length  of  the  cable  to  the  transmitter  optics  provides  a  10-ns 
delay  between  the  system  monitoring  reference  pulse  and  the  aerosol  return  pulse.  This  delay  Is 
sufficient  to  resolve  the  two  pulses  In  time  so  that  no  overlap  occurs.  Absolute  calibration  of  the 
backscattered  signal  is  obtained  by  measuring  the  return  at  the  peak  of  the  range-response  function 
(1.5  m)  from  a  standard  reflector  before  and/or  after  the  aerosol  measurements. 

The  received  pulses  are  amplified  and  Input  to  a  Tektronix  R7912  Transient  Digitizer.  In  part  be¬ 
cause  It  Is  desired  to  run  at  pulse  rates  hlghe'*  than  the  0  Hz  that  the  digital  mode  of  this  Instrument 
allows,  the  R7912  Is  used  as  a  scan  converter,  whereby  the  video  pulse  return  data  are  read  in  TV  format. 
For  each  frame,  the  laser  Is  pulsed  twice  s»l  ms  jpart,  the  two  receiver  channels  alternately  feeding  the 
R7912.  An  example  of  a  frame  as  observed  on  a  TV  monitor  Is  shown  in  figure  3.  The  two  traces  run  from 
top  to  bottom  Instead  of  laft  to  right  because  of  a  modification  of  the  R7912  wade  at  HOL  to  simplify 
subsequent  digitization.  The  time  axis  thus  runs  downward,  while  signal  deflections  from  the  baseline 
are  to  the  left.  The  trace  on  the  right  Is  for  the  unpolarized  receiver;  that  on  the  left,  for  the 
cross-polarized  receiver.  Each  trace  contains  three  sequential  but  resolved  pulses:  the  reference 
signal,  the  aerosol  backscattered  return  front  1.5  m,  and  the  target  return  from  3.2  m.  Each  frame  Is 
also  provided  with  a  frame  code  (not  teen  in  figure  3).  The  data  are  recorded  on  video  tape  and  later 
digitized  and  entered  Into  a  minicomputer  for  data  reduction,  display,  and  processing. 

UNCLASSIFIED 


UNCLASSIFIED 


i. 

I  i 

\  i 

>,  i 


A-25 


FIBER  OPTIC  LINE  COUPLING 
THE  DXSER  OUTPUT  TO  THE 
TRANSMITTER  OPTICS 


FIBER  OPTIC 


A  N - 1.6m- 

VWC1  from"'--. 


HIGH  REFLECTIVITY 
DIFFUSE  TARGET 


^1  D 

L>  lBEC2 


F 


_ >1 

1 

—  Mm - 

RECEIVER  BEAM  OIVERQBNCEB  2fl  mr 


FIGURE  1.  LASER  BACKSCATTER  PROBE  CONFIGURATION  AT  SMOKE  WEEK  lit 


FIGURE  2.  SYSTEM  RANGE-RESPONSE 
a  diffuse  target  as  a  function  of 


FUNCTION.  Response  of  the  two  receivers 
range,  normalized  to  unity  at  peak. 
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FIGURE  3.  TV  MONITOR  DISMAY  OF  A  DATA  FRAME.  The  tine  scale  runs 
downward  and  spans  50  ns;  signal  deflections  are  to  left.  Unpolarized 
receiver  trace  Is  on  right,  cross  polarized  on  left.  Signal  deflections, 
In  sequence,  are  the  reference  pulse,  the  aerosd  backscatter  pulse,  and 
the  diffuse  target  pulse.  Frame  Is  from  trial  14. 


•1  ? 


FIGURE  4,  AEROSOL  TR#2 — TRIAL  14.  The  aero'ol  Is  being  generated  to  the 
r<gbt  of  the  photograph  and  Is  drifting  towards  the  HDL  Instrumentation  In 
the  shiny  foil-covered  large  box  visible  at  Me  far  left. 
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Figure  4  Is  a  photograph  taken  during  Smoke  Week  III,  trial  14.  The  exper'mental  aerosol  IR#2  is 
being  generated  by  an  XM49  smoke  generator  to  the  right,  t.f  the  photo,  and  is  drifting  north  toward  the 
main  sampling  line  (aerosol  concentration  and  size  distribution  measuring  Instruments  mounted  on  bar¬ 
rels),  the  22-m  tower,  and  the  Instrumentation  cluster.  The  laser  backscatter  probe  Is  contained  within 
the  shiny  foil-covered  1.5  m  x  1.5  m  x  3  m  box  visible  to  the  left  of  the  large  tower  and  just  above  the 
sampling  line,  and  Is  not  yet  Immersed  In  the  aerosol  cloud.  The  box  Is  insulated  and  air-conditioned 
s  and  contains  the  probe,  other  HOI  Instrumentation,  anu  the  dra  recording  equipment.  The  laser  beam 
emerges  at  a  height  of  as3  m  from  a  window  In  the  back  of  the  box  (not  seen)  and  is  aligned  parallel  to 
the  sampling  line,  and  thus  approximately  perpendicular  to  the  direction  in  which  the  aerosol  particles 
t  are  drifting  with  the  wind. 

The  backscatter  probe  was  located  1  m  west  and  *7  m  north  of  the  test  grid  center.  The  latter 
point  was  on  the  main  sampling  line  vary  tvar  the  32-m  tower.  For  all  the  smoke  trials  discussed  In 
this  paper  except  trial  9,  the  aerosol  was  generated  on  a  line  parallel  to  and  70  m  south  of  the  main 
sampling  line;  the  position  of  the  smoke  gene"ator  along  this  line  was  chosen  with  the  goal  of  having 
the  wind  blow  the  center  of  the  aerosol  cloud  to  the  grid  center.  Thus  the  HDL  position  was«80  m  from 
the  smoke  generator.  For  trial  9,  the  source  of  the  smoke  was  distributed  at  six  positions  from  SO  to 
105  m  south  of  the  main  sampling  line. 

The  aerosol  concentration  observed  at  the  HDL  position  was  quite  variable,  sometimes  changing 
rapidly  with  shifts  In  the  wind  direction.  This  was  especially  true  for  the  trials  where  the  amount  of 
aerosol  generated  was  not  large,  as  was  the  case  for  the  experimental  smokes  like  the  one  shown  In 
figure  4.  For  some  trials  only  the  edge  of  the  aerosol  cloud  hit  the  HDL  position,  and  for  some  others 
the  aerosol  missed  the  position  altogether.  Thus  the  magnitude  of  the  measured  extinction  and  back¬ 
scatter  coefficients  depended  on  these  factors  as  well  as  on  the  concentration  of  the  aerosol  generated 
and  on  the  efficiency  of  the  aerosol  as  a  scattered  of  0.9  urn  radiation. 

The  extinction  coefficient  was  determined  from  the  attenuation  of  the  signal  from  the  diffuse 
target  at  3.2  m.  The  spatial  resolution  in  the  beam  direction  of  this  measurement  Is  therefore  3.2  m. 

The  backscatter  coefficient  was  determined  basically  from  the  signal  measured  In  the  unpolarized  receiver 
from  the  aerosol  backscatter  In  the  region,  centered  at  1.5  m,  where  the  system  response  was  significant, 
The  depolai Izatlon  was  determined  from  the  ratio  of  the  1.5  m  backscattered  signals  of  the  cross-polar¬ 
ized  and  unpolarized  receivers.  The  resolution  of  the  latter  two  measurements  In  the  beam  direction  Is 
therefore  roughly  1  m. 

The  spatial  resolution  available  In  the  direction  perpendicular  to  the  beam,  and  therefore  approxi¬ 
mately  In  the  direction  of  advance  of  the  aerosol  cloud,  depends  on  the  pulse  repetition  rate  and  wind 
velocity.  The  repetition  rate  used  at  Smoke  Week  III  was  30  Hz.  This  corresponds  to  a  0.1  m  resolution 

UNCLASSIFIED 


I 


;.-■  '.i/iis  .F  '€'  •'-t'^‘*  *■  imv'i«m.n 


A2S  UNCLASSIFIED 

of  the  aerosol  nonunlformltles  In  the  direction  of  a  3  m/s  wind  perpendicular  to  the  sampling  line.  To 
Increase  the  slgnel-to-nolse  ratio  and  to  average  non uniformities  In  the  aerosol  cloud  In  the  direction 
of  the  wind  that,  are  of  a  smaller  scale  than  the  system  resolution  In  the  direction  of  the  beam,  a 
number  of  frames  were  usually  averaged  together  before  the  scattering  parameter  calculations.  For  the 
above  example,  If  10  frames  are  averaged  together,  thP  time  resolution  degrades  to  1/3  s  and  the  spatial 
resolution  in  the  wind  direction  to  «<1  m,  compatible  with  the  resolution  In  the  perpendicular  direction. 

3.  CALCULATION  PROCEDURE 

3.1  EXTINCTION  COEFFICIENT 

The  extinction  coefficient  c  Is  defined  from  Beer's  law  describing  the  attenuation  of  a  collimated 
light  beam: 


I  „  ,,-uL 
To  • 


(1) 


where  I  Is  the  Intensity  after  traversing  a  distance  L  of  aerosol,  and  I  Is  the  Initial  Intensity. 

Both  absorption  and  Scattering  account  for  the  attenuation;  however,  In  the  near-infrared  region,  absorp 
tlon  may  be  neglected  for  most  aerosols,  and  a  taken  to  describe  attenuation  by  scattering.  The  mass 
attenuation  coefficient,  a,  which  Is  Independent  of  the  aerosol  concentration,  Is  related  to  o  by 
o  ■  va  , 

where  v  Is  the  aerosol  concentration. 

The  extinction  coefficient  was  determined  at  Smoke  Week  III  from  the  ratio  of  the  signal  reflected 
from  the  target  at  3.2  m  with  aerosol  present  to  that  signal  before  and/or  after  the  test.  The  value  of 
ci  obtained  Is  thus  the  average  over  the  3.2  m  path  length,  and  Is  given  by 

1  /To  c  \ 

0  m  7C  tn  T2  TH*  (*) 

where 

T  ■  amplitude  gf  signal  observed  from  tha  diffuse  target  at  3.2  m  in  the  presence  of  aerosol, 

Tq  ■  amplitude  of  that  signal  Immediately  before  or  after  the  presence  of  the  aerosol, 

C  ■  amplitude  of  the  reference  pulse  signal  when  T  Is  measured, 

CQ  ■  amplitude  of  the  reference  pulse  signal  when  TQ  Is  measured,  and 

L  ■  distance  to  diffusely  reflecting  target  (3.2  m). 

3.2  BACKSCATTER  COEFFICIENT 

The  volume  scattering  coefficient  y(s)  is  the  power  scattered  per  unit  solid  angle  at  an  angle  n 
from  the  Incident  beam  direction,  per  unit  power  density,  per  unit  volume.  The  backscatter  coefficient 
m(w),  or  simply  u,  Is  the  volume  scattering  coefficient  for  o  «  n.  The  backscattered  signal  as  a 
function  of  time,  P(t),  may  be  written  as 
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p(t)  *  -K-£ 


e'2ar  f(r)  o{t  -  |C- 


'o  0 


dr  , 


(3) 


where 


Pt(r) 

K  *  a  constant  depending  on  the  optical  and  electronic  parameters  of  the  system, 

■s  p(t)  *  shape  of  transmitted  pulse  as  detected  by  the  receiving  system  viewing  a  diffuse  targut, 
normalized  to  unity, 

Pt(r)  ■  peek  return  from  a  diffusa  target  at  range  r, 

„  r0  ■  range  at  which  maximum  signal  Is  received  from  a  diffuse  target,  and 

c  •  speed  of  light, 

Defining 

*2or 


(4) 


D(o.t)  ■  j  e"2orf(r)p|t  -  |t|  dr, 

we  may  write 

P(t)  -  Mgall  , 


(5) 


(6) 
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Both  f(r)  and  p(t)  may  be  experimentally  determined  for  a  particular  system  and  alignment,  We  are 
Interested  In  the  peak  value  of  the  backscattered  signal,  so  we  perform  the  convolution  Indicated  by 
equation  (5)  to  obtain  the  peak  of  D(o,t),  denoted  by  D(o),  for  all  values  of  a  of  Interest,  and  store 
the  results  <n  the  computer.  For  the  Smoke  Week  III  alignment,  D  Is  approximately  constant  at  0,67  m 
for  o  <  0.1  m"'. 

Replacing  the  time- dependent  values  with  the  peak  values,  we  see  from  equation  (6)  that  v  is  given 
by 

r2P 

v  ’  rcwi  *  (7) 

We  can  recast  equation  (7)  In  terms  of  easily  measurable  parameters  If  we  calibrate  the  system  by 

measuring  Ft>  the  clear  air  signal  from  a  diffuse  reflector  of  known  reflectivity  o  placed  at  rQ: 

KtP 

Pt  -  -K  . 

"ro 

The  system  constant  Kt  will  In  general  differ  from  K  because  of  transmitter  or  receiver  system  changes 
caused  by  temperature  variations  or  other  factors.  Because  these  changes  are  reflected  In  the  reference 
signals,  we  may  write 


Kt  ,Ct 

r  *  r 
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where  Cj,  Is  the  peak  of  the  reference  pulse  signal  while  the  calibration  target  Is  observed.  It  now 
follows  that 

C  P 

(a) 

Because  o  is  known  from  the  attenuation  of  the  3.2  m  target  signal,  u  may  be  calculated  from  equation  (8). 
3.3  SCATTERING  FUNCTION 

Having  Independently  determined  o  and  y,  we  may  find  the  scattering  function  for  180-deg  scattering, 


(9) 


F  for  a  given  wavelength  depends  on  the  particle-size  and  -shape  distribution  and  Index  of  refraction, 
but,  to  a  first  approximation.  Is  Independent  of  aerosol  concentration. 

3.4  DEPOLARIZATION 

The  Intensity  and  polarization  state  of  a  light  beam  can  be  described  as  follows.  The  total 
Intensity,  I,  consists  of  a  polarized  part,  Ip,  and  an  unpolarized  part,  Iu,  so  that  I  ■  Ip  +  Iu*  The 
polarization  vector  (the  electric  field  vector,  say)  of  the  Iu-component  hat  a  completely  random  direc¬ 
tion  In  a  plane  perpendicular  to  the  propagation  direction,  while  that  of  the  Ip-component  traces  out  an 
ellipse  (the  polarization  ellipse)  In  the  same  plane  as  time  passes.  The  values  of  Ip  and  !u  together 
with  some  geometrical  specification  of  the  polarization  ellipse  constitute  a  complete  mathematical  de¬ 
scription  of  the  Intensity  and  polarization  state  of  the  beam.  Such  a  description  Is  provided  by  the  so- 
called  Stokes  vector,6  which  has  the  four  components  (I,  M,  C,  S)  and  Is  referred  to  a  spatial  coordi¬ 
nate  system  (x,  y,  z)  In  which  the  z-axls  points  In  the  direction  of  propagation.  I  gives  the  total 
Intensity  of  the  beam  and  Ip  ■  M2  +  C2  +  S2,  The  polarization  ellipse  Is  determined  as  follows.  Let 
(0  1  ip  <  Tt)  be  the  angle  between  the  major  axis  of  the  polarization  ellipse  and  the  x-axIs.  Then 

tan  Zip 

Let  tan  x  (-  tj  <  x  *  •})  give,  In  absolute  value,  the  ratio  of  the  mlnor-to-major  axis  lengths  of  the 
polarization  ellipse,  where  the  sign  gives  the  sense  of  circulation  (X  >  Q  corresponds  to  r1ght«handed 
and  x  <  0  to  left-handed  circulation).  Then 

sin  2X  *  3/1 

An  Important  computational  convenience  of  the  Stokes  vector  description  Is  that  the  effect  of  prop¬ 
agation  through  a  linear  optical  element  Is  described  by  a  matrix  equation  of  the  form 
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I. 
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4x4  matrix 
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where  the  e  and  1  subscripts  refer  to  the  emergent  and  Incident  beams,  and  the  elements  of  the  4  x  4 
matrix  are  determined  by  several  transmission  coefficients  of  the  optical  element.  For  example,  If  the 
optical  element  Is  a  linear  sheet  polarizer  perpendicular  to  the  beam  propagation  direction  and  has  Its 
easy  and  hard  directions  coincident  with  the  x-  and  y-axes  respectively,  then  the  matrix  In  the  foregoing 

(K1  -  K2)  0  0 

(K]  +  Kg)  0  0 

0  0 

0  0  2/^ 

whore  K,  Is  the  Intensity  transmission  coefficient  of  the  element  to  plane  polarized  light  whose  polar¬ 
ization  vector  points  fixedly  along  the  x-axIs  (l.e.,  In  the  easy  direction),  and  where  Kg  Is  the 
similar  coefficient  for  plane  polarized  light  whose  polarization  vector  points  along  the  y-axls.  An 
Ideal  or  perfect  linear  sheet  polarizer  would  have  ■  1  and  Kg  ■  0.  An  Imperfect  polarizer  has 
somewhat  less  than  unity  and  Kg  somewhat  bigger  than  zero. 

In  our  experiments  two  Independent  measurements  are  made  pertaining  to  the  Intensity  and  polariza¬ 
tion  state  of  the  backscattered  beam.  In  general,  four  suitably  chosen  Independent  measurements  are 
needed  to  determine  the  Stokes  vector;  however,  the  two  measurements  are  sufficient,  to  determine  the 
depolarization  caused  by  aerosol  backscatter  if  two  assumptions  hold. 

The  crucial  assumption  we  make  Is  that  the  backscattered  beam's  polarized  part  Is  linearly  polarized 
In  the  same  direction  as  the  transmitted  beam.  An  evaluation  of  the  correctness  of  this  assumption 
would  require  knowledge  of  the  constitution  of  the  various  aerosols  measured  and  a  specific  analysis  of 

the  scattering  mechanisms.  We  have  found  the  assumption  useful  for  analyzing  polarization  effects  In 
3  7  B 

previous  experiments  '  '  with  backscatter  from  water  clouds  and  diffusely  reflecting  rough  surfaces. 

The  hygroscopic  aerosols  tested  at  the  several  smoke  weeks  are  believed  to  have  scattering  properties 
that  are  similar  to  those  of  water  clouds,  especially  under  high  humidity  conditions  where  the  water 
scattering  Is  dominant.  For  spherical  droplet  water  clouds,  Ml e  theory  predicts  that  the  polarization 
state  of  the  backscattered  beam  Is  the  same  as  that  of  the  transmitted  beam,  provided  that  multiple 

Q 

scattering  affects  are  negligible,  Thus,  for  water  clouds,  the  depolarizing  mechanism  arises  from 
droplet  aspherlclty  and  multiple  scattering.  One  would  expect  an  approximately  random  distribution  of 
aspheric  droplet  orientations  In  many  cases  and  would  consequently  expect  the  depolarizing  effect  In 
these  Instances  to  be  a  transformation  of  Incident  polarized  light  to  randomly  polarized  or  unpolarized 
light.  Our  basic  assumption  about  the  smoke  backscatter  could  be  phrased  similarly,  namely,  that  the 
smoke  depolarizes  the  Incident  beam  by  changing  part  of  It  to  a  randomly  polarized  beam. 

To  proceed  with  the  analysis,  we  first  quantify  the  polarization  state  of  the  transmitted  beam. 


equation  has  the  form 
(K,  +  Ke) 

(K,  -  Kg) 
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The  radiation  from  the  source  GaAs  laser  has  been  verified  by  measurement  (of  the  optically  collimated 
beam)  to  be  randomly  polarized.  The  transmitted  beam  Is  vertically  polarized  by  a  sheet  polarizer  In 
Its  output  optics.  Let  K1  ■  t1  and  K2  ■  t2  for  the  transmitter  polarizer,  taking  the  x-axIs  to  be 
vertical  (l.e.,  t^  -.-  I  and  t^  <--0).  The  Stokes  vector  of  the  beam  Incident  upon  the  aerosol  Is  therefore 
<1  Ij.(t.|  +  t g ) •  *4  It(t^  -  tj).  0,  o]  *,  where  denotes  the  transmitter  Intensity  prior  to  polarization. 
In  accordance  with  our  basic  assumption,  we  take  the  Stokes  vector  of  the  backscattered  beam  to  be  of 
the  form  (IR,  MR,  0,  0).  The  total  Incident  and  backscattered  Intensities  are  related  by 

!R  ‘  7 T  rt^l  +  V 

for  some  constant  pQ  <  1;  also,  IR  -  MR  i  IRu  gives  the  unpolarlzed  part  of  the  backscattered  Intensity, 
Thus 


and 

*HP  “  V 

where  IRp  Is  the  polarized  part  of  the  backscattered  Intensity, 

One  of  the  two  receivers  has  no  polarizer  In  Its  collection  optics  and  so  will  give  a  peak  signal 
voltage  Vu  proportional  to  IR,  Let  denote  the  proportionality  constant  so  that  Vu  ■  C1  IR.  The 
other  receiver  has  a  sheet  polarizer  with  Kj  ■  r1  and  K2  ■  r2<  Since  this  polarizer  Is  crossed  with 
respect  to  the  transmitter  polarizer,  r^  «0  and  r2  «1,  The  Stokes  vector  of  the  beam  received  In  this 
cross-channel  is  (after  passing  through  the  polarizer)  therefore 

[4  (r1  +  r2)IR  +  4  (r1  -  r^Mp,  4(r1  -  r2)IR  +  4  (r]  +  r2)MR,  0,  o]  , 

so  that  the  peak  received  signal  voltage  Vx  Is  given  by 
vx  “  4  c2  [(r,  -  r2)IR  +  (rn  -  r2)MR  j , 

where  C2  Is  a  proportionality  constant  similar  to  C^.  The  quantity  s  ■  C2/C^  gives  the  ratio  of  the 
sensitivities  of  the  two  receiver  channels,  both  without  polarizers.  It  Is  therefore  possible  to  measure 

*R  r1  '  r2 

which  gives  the  fraction  of  the  smoke-backscattered  Intensity  that  1$  polarized.  Were  the  Incident 
transmitter  beam  totally  polarized, 

*  Note  that  the  Stokes  vector  of  an  unpolarlzed  beam  of  Intensity  I  Is  (I, 0,0,0). 
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x  100* 


would  give  the  percentage  extent  to  which  the  smoke  depolarizes  a  linearly  polarized  Incident  beam. 
Denote  the  latter  percentage  by  D£. 

An  ettlmate  of  Dc  In  terms  of  Du  and  the  transmitter  polarizer  coefficients  tj  and  t?  Is 


where 

2t. 

‘l  •  •  I'!) 

This  ettlmate  becomes  exact  If  It  Is  assumed  that  the  unpolarized  part  of  the  Incident  transmitter  beam 
remains  unpolarlzod  after  backscatter  from  the  smoke.  This  It  the  second  assumption  referred  to 
earlier. 

4.  DISCUSSION  OF  RESULTS  1 

4.1  DATA  AND  ERRORS 

Because  of  problems  with  the  minicomputer  that  It  an  Integral  part  of  the  digitization  and  data 
reduction  process,  data  from  only  five  trials  have  been  reduced  so  far:  experimental  smokes  IR#1,  IRF2, 
and  IR#3  dispersed  with  the  XM49  smoke  generator  (Smoke  Week  III  trial  nos  11,  14,  and  10  respectively); 
fog  oil  generated  with  the  M3A3  smoke  generator  (trial  8);  and  24  canisters  of  HC,  simulating  6  15B-mm 
shells  (trial  9).  Good  data  were  obtained  during  many  of  the  other  trials;  these  data  will  be  reduced 
later. 

Noli  of  u,  u,  end  F  versus  time  from  the  official  start  of  the  trials  (*  ■  0  In  the  test  nomencla- 
ture)  and  plots  of  o  versus  u  are  given  for  trials  8,  9,  11,  and  14  In  figures  5,  6,  7,  and  8.  The  plots 
of  o  and  v  versus  time  (graphs  A  and  B  of  the  figures)  show  how  these  parameters  vary  as  the  smoke  cloud 
Is  blown  past  the  measurement  apparatus.  This  variation  Is  primarily  the  result  of  variation  In  the 
smoke  concentration,  which  can  be  quite  rapid. 

Graphs  C  and  0  of  the  figures  concern  the  scattering  function  F.  The  variation  of  F  with  time  Is 
plotted  directly  In  graph  C,  while  p  Is  plotted  versus  c  In  graph  D.  The  slope  of  the  latter  graph 
gives  an  average  of  F  for  a  trial.  Variations  of  F  are  an  Indication  of  changes  In  the  particle-size, 
-shape,  or  Index  of  refraction  distribution  or  of  multiple  scattering  effects.  The  latter  can  be 
Important  at  high  aerosol  concentrations.  Because  multiple  scattering  would  tend  to- decrease  the 
measured  value  of  o  and  Increase  that  of  u,  Its  presonce  would  tend  to  be  Indicated  by  an  upward  curve 
of  the  points  In  the  plot  of  u  versus  a  at  high  n.  An  absence  of  a  trend  In  a  m  versus  o  plot  would 
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tend  to  rule  out  multiple  scattering  as  significant,  If  In  such  «  case  the  F  versus  time  plot  showed 
variations  that  were  not  due  to  noise,  one  would  attribute  those  variations  to  changes  In  the  particle- 
size,  -shape,  or  Index  of  refraction  distribution. 

For  trial  ‘lO,  plots  of  o  and  F  are  given  In  figure  9  (A),  while  y  and  n  are  plotted  In  figure  9 
(B),  Depolarization  results  for  trials  11  and  14  are  plotted  In  figures  11  and  12,  respectively. 

The  limits  of  the  measurement  at  low  signal  values  derive  from  the  noise  In  the  measurement  system, 
the  recording  process,  and  the  digitization.  Bated  on  this  noise,  the  rms  uncertainty  In  o  at  low 
values  Is  about  ±0,001  nf1  without  averaging.  At  higher  values  of  o,  this  uncertainty  Is  multiplied  by 
e2Lo  ,  which  Is  w2  at  o  ■  0.1  nf\  and  *10  at  c  •  0.4  m' 1 .  The  maximum  observable  o  without  averaging 
Is <s0.7  nf\  The  rms  uncertainty  In  u,  also  without  averaging,  Is «±0. 00004  m’1sr"1,  The  maximum 
observable  y  depends  on  o  and  adjustable  system  parameter*;  as  a  practical  matter  this  limit  1$  not 
reached.  The  uncertainty  In  F  depends  on  those  of  o  and  y;  It  becomes  large  when  o  and  u  are  near  their 
minimum  observable  values.  The  uncertainty  In  depends  similarly  on  the  signal  levels  In  the  un- 
poiarlzed  and  polarized  receivers.  All  the  uncertainties  are  reduced  by  averaging  a  number  of  frames 
before  the  calculations,  as  lung  as  the  variation  In  the  parameters  Is  not  too  rapid. 

There  are,  of  course,  other  errors  associated  with  the  measurements,  such  as  errors  In  calibration 
and  In  measuring  the  system  parameters  such  as  D(o),  For  w,  tnere  Is  an  additional  error  when  a  Is 
higher  and  nonuniform,  because  the  «  used  In  the  y  calculation  (equation  8)  Is  the  average  a  over  the 

3.2  m  path  of  that  messurement,  which  Is  not  necessarily  applicable  to  the  path  over  which  u  Is  measured 
In  addition,  equation  3  and  thus  the  entire  y  calculation  assumes  a  uniform  aerosol  from  the  transceiver 
to  the  far  limit  of  significant  response,  a  distance  of w 2  m. 

The  apparent  noise  In  the  data  for  all  the  trials  except  14  may  be  somewhat  greater  than  suggested 
by  the  foregoing.  The  reason  Is  that  fur  trials  8,  9,  10,  and  11,  an  R7912  borrowed  from  Army  Missile 
Cotmiand  was  u««d  for  the  data  acquisition  because  uur  unit  malfunctioned,  Because  the  substitute 
Instrument  was  opt  modified  to  rotate  the  display  as  required  by  our  digitizing  system,  the  tapes  could 
not  be  processed  through  the  digitizing  hardware  and  software  developed  For  that  purpose.  The  peaks  of 
the  signals  were  therefore  laboriously  measured  by  hand,  a  process  that  Is  more  noisy  than  the  machine 
digitization.  As  It  happened,  because  of  the  aforementioned  problems  with  the  minicomputer,  these  are 
the  only  data  to  he  processed  so  far,  except  for  date  of  trlel  14,  Those  data  were  acquired  using  the 
modified  R7912  and  processed  by  the  normal  procedure  prior  to  the  problems  with  the  minicomputer. 

4.2  DISCUSSION  OF  o,  y,  AND  F 

For  trial  9,  HC  smoke  (figure  5),  significant  smoke  concentrations  occurred  at  the  MOL  measurement 
site  only  from  71  to  190  s  from  Initiation  of  the  test,  the  time  period  covered  by  the  graphs.  A 
16-frame  average  was  used  for  most  of  this  trial,  although  during  some  periods  of  rapidly  varying  smoke 
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concentration  an  8-f;ame  average  or  no  averaging  was  used.  With  the  3  to  4  rn/s  mean  wind  speed  during 
this  trial,  the  16-frame,  or«0.5  s,  average  provides  »1 .9  m  resolution  In  the  smoke  cloud  In  the  wind 
direction. 

A  significant,  feature  of  the  a  and  p  plots  for  trial  9  Is  their  rapid  variation  with  time.  For 
example,  for  tht  first  cloud  section,  o  rises  from  zero  to~0.05  m"1  *rom  one  frame  to  the  next, 
corresponding  toaU.l  m  of  cloud  depth.  This  Is  all  the  more  remarkable  when  we  consider  that  the 
measured  a  Is  the  average  value  over«3  m  of  distance  perpendicular  to  the  wind  direction,  Over  the 

-1  .t 

nexts:2  m,  a  rises  to*0.1  m  ,  and  peaks  at«0.17  m  after*5  m  more  cf  smoke  drifts  by, 

The  p/o  ratio  F  was  plotted  only  to  z  •  187  s  because  the  probable  error  for  this  ratio  Is  vary  high 
for  the  last  11  s,  where  both  p  and  o  are  small  ( a  &  0,005  m  )  end  subject  to  large  uncertainty.  With 
the  possible  exception  of  a  few  Isolated  points,  the  variation  of  F  with  time  shown  In  C  Is  real  and 
probably  caused  by  variations  In  the  size  distribution  of  the  particles,  Multiple  scattering  would 
tend  to  be  ruled  out  as  j  causa  by  the  lack  of  correlation  of  F  with  the  concentration,  Both  C  and  0 
1  ndlcato  that,  for  e  a  0.05  nf1,  Ftt  0.014  ±  0.005  sr"1.  This  compares  well  with  our  previously  reported 
/alue  of  0.012  sr"1  for  HC  from  Smoke  Week  II,  where  the  same  laser  beckscatter  Instrumentation  was 
used  In  a  different  configuration  without  s  fixed  target  to  determine  the  feasibility  of  its  use  In 
routine  aerosol  measurements.10 

The  fog  oil  data,  trial  8  (figure  6),  consist  mainly  of»10-to  20-m  long  patches  of  smoke  blowing 
through  the  Instrumentation  site,  as  seen  clearly  In  the  o  and  p  plots.  No  averaging  was  used  during 
the  rapidly  changing  regions  which  comprise  the  peaks  In  o  and  p,  but  10  or  more  frames  were  averaged 
during  some  low  concentration,  slowly  varying  segments  of  the  test,  With  the  2  m/s  mean  wind  for  this 
test,  the  resolution  In  the  wind  direction  lswO.07  m  In  regions  with  no  averaging.  Rapid  changes  of 
a  and  p  were  also  observed  for  this  tost,  with  5  Increasing  from wO. 04  nf1  to  over  0.2  m"1  1n«2  m  near 
the  front  of  the  densest  patch. 

All  points  with  a  ■  0.005  m"1  were  omitted  from  the  F  versus  time  plots  because  of  the  large  un¬ 
certainty  In  the  ratio.  However,  In  no  case  where  the  a  end  y  det*  were  above  the  peak  noise  level  did 
F  exceed  0.1  sr"1.  In  the  regions  nf  relatively  dense  smoke,  with  *  ?,  0.03  uf1,  F  ranqed  from  0.012  sr*1 
to  0.027  sr  \  with  a  mean  value  of  0.010  sr’1.  The  latter  value  Is  confirmed  by  the  slope  of  the  u  ver¬ 
sus  o  plot.  The  variability  or  F  for  this  smoke  Is  Illustrated,  however,  by  e  relatively  solid  reglonof 
■*moke  at  z  -  370  s,  where  u  «  0.02  nf1  with  a  mean  value  of  P  of.  0.036  sr'1.  These  result:,  are  con¬ 
sistent  with  the  F  values  of  0.02  sr"1  and  0.03  sr"1  reported  for  two  trials  of  Smoke  Week  II.10 

Only  about  a  25-s  segment  cf  the  experimental  aerosol  IR#1  was  observed  In  trial  11  by  the  HOL 
Instrumentation.  These  data  (figure  7)  were  not  averaged,  resulting  Inr,  0.1  m  resolution  In  the  direc¬ 
tion  of  the  2.5  m/s  moan  wind.  No  points  were  omitted  from  any  of  the  plots  for  this  test.  The  maximum 
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FIGURE  7.  AEROSOL  PARMCTERS  FOR  TRIAL  11,  XM9w/IR#l:  [A]  Extinction 
coefficient  a  versus  time,  (B)  Bacfcscatter  coefficient  y  versus  t ine, 
(C)  Scattering  function  F  versus  tine,  and  (D)  u  versus  o.  At  trial 
start  z  =  0. 
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value  of  o  observed  for  this  aerosol  was  only  "0.02  irf\  about  an  order  of  magnitude  lower  than  for  HC 

and  fog  oil.  The  low  value  of  o,  together  with  the  lack  of  averaging,  resulted  In  the  noise  apparent  In 

figure  7  (A),  Contrastingly,  p  was  relatively  higher;  therefore  the  plot  In  R  Is  smoother. 

The  plot  of  F  Is  also  relatively  low  In  noise  for  the  first  10  s  where  0  and  p  are  reasonably  high, 

but  becomes  quite  noisy  In  the  later,  low  concentration  segments.  In  the  first  ID  s,  F  appears  to  have 

a  real,  although  small,  variation  with  time,  with  an  average  value  of  0.08  *  0.03  sr"^.  This  value  Is 

confirmed  by  the  w  versus  o  plot,  which  has  a  heavy  concentration  of  points  along  the  F»0.08  sr'1  slope. 

The  results  for  the  experimental  aerosol  IR#2,  trial  14,  are  plotted  (figure  0)  using  an  8-frame 

average  throughout  for  a«1/2  m  resolution  with  the  2  m/s  mean  wind  speed.  All  the  points  were  retained 

In  these  plots  also.  The  maximum  a  was  reasonably  high  for  this  aerosol,  while  the  maximum  u, 

0.010  m_1sr"\  was  considerably  higher  than  for  the  other  aerosols  at  Smoke  Week  III  for  which  our  data 

have  been  reduced,  although  not  as  high  as  some  u's  In  fog  oil  measured  at  Smoke  Week  II. 

The  relative  smoothness  of  the  F  plot,  figure  8(0),  Is  an  Indication  that  the  fluctuations  In  the 

■}  and  p  plots  result  from  real  concentration  variations,  not  noise.  However,  the  behavior  at  z«170  s 

■  .f 

results  from  the  large  uncertainty  In  F  whan  a  and  p  are  low.  From  this  plot,  as  well  as  figure  8  (d), 

we  conclude  that  F»0.09  +  0.02,  -0,04  sr"\  with  the  lower  values,  down  to  F»O.OS  sr’\  for 

o  i  0,07  m‘^.  The  decrease  In  F  at  high  o,  which  Is  also  apparent  from  a  comparison  of  figure  8  (A)  and 

(C),  Is  opposite  what  one  might  expect  from  multiple  scattering.  The  variations  In  F  are  therefore 

likely  caused  by  changes  In  the  particle  sizes,  shapes,  or  Indices  of  refraction. 

For  the  experimental  aerosol  IR#3,  trial  10  (figure  9),  significant  concentrations  were  observed 

for  only?i7  i,  starting  at  xru213  s.  With  the  3  m/s  mean  wind,  the  10-frame  average  used  resulted  In 

a.«l  m  resolution  In  the  wind  direction.  The  data  for  this  test  were  plotted  by  hand  and  all  points 

were  kept,  The  maximum  values  for  both  a  and  p  were  lower  for  this  trial  than  for  the  r'her  Smoke  Week 

III  trials  examined  so  far.  This  may  be  due  to  low  scattering  In  the  near  IP  by  this  aerosol,  low 

concentrations  generated,  or  the  bulk  ot  the  aerosol  missing  the  HDL  measurement  site.  The  low  values 

of  o  and  p  result  In  a  large  uncertainty  In  F.  However,  In  the  regions  where  u  x,  0.005  m  , 

FrjO.I3±  0.04  sr"\  which  Is  hlghtr  even  than  IR#2,  and  at  least  twice  as  high  as  any  F  for  conventional 

smoke,  dust,  or  natural  cloud  that  we  have  observed  In  any  of  our  previous  aerosol  testing,3,0'10,11 

The  Indicated  uncertainty  In  F  is  based  on  the  spread  of  the  F  values  In  figure  9  (A)  In  the  region 

where  o> 0.005  m"\  An  analysis  based  on  the  noise  In  the  n  and  p  values,  similar  to  that  done  for 

-1  -1 

depolarization  In  Appendix  A,  Indicates  a  standard  deviation  of  from  +0.04  sr  to  +0.07  sr  for  the 
Individual  points,  with  an  average  of  +0.05  sr*',  This  Is  consistent  with  the  Indicated  uncertainty, 
but  suggests  that  the  variation  of  F  with  time  implied  by  figure  9  (\)  Is  not  statistically  significant, 
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FIGURE  9.  AEROSOL  PARAMETERS  FOR  TRIAL  10,  XMA9w/IR#3:  (A)  Extinction 
coefficient  u  and  scattering  function  F  versus  time,  and  (8 )  Backscatter 
coefficient  u  and  Depolarization  Dc  versus  time.  At  trial  start  z  ■  0. 
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4.3  DISCUSSION  OF  Dc 

There  was  no  discernible  backscatter  signal  In  the  cross-polarized  receiver  channel  for  the  Hr.  end 
fog  oil  trials.  A  determination  of  the  ms  noise  level  In  this  channel  was  used  to  place  an  upper  limit 
on  the  cross-polarized  return  signal.  Under  conditions  producing  the  largest  backscatter  signals  In  the 
other  receiver  channel,  the  maximum  Indicated  depolarization  for  both  HC  and  fog  oil  was  less  than  4 
percent, 

The  depolarization  shown  In  figure  9  for  IR#3  appears  at  first  to  be  somewhat  bizarre  because  of  * 
the  two  excursions  of  the  curve  above  100-percent  depolarization.  We  are  convinced  that  these  results 
are  not  caused  by  measurement  errors,  and  In  fact  show  that  the  polarization  state  of  the  backscatter 
In  this  case  Is  qualitatively  different  from  what  we  assumed  In  our  data  analysis.  Recall  that  in 
obtaining  D.  It  Is  assumed  that  the  backscatter  Is  a  mixture  of  unpolarized  light  and  linearly 
polarized  light  with  the  same  polarization  direction  as  the  Incident  transmitter  beam.  This  assumption 
Is  correct  If  the  smoke  has  no  preferred  optical  direction  In  a  plane  perpendicular  to  the  Incident 
beam,  but  could  be  false  If  either  the  Individual  particle  scattering  mechanism  or  a  collective 
alignment  effect  among  oblong  particles  were  to  produce  a  preferred  direction.  We  believe  that  the 
polarized  part  of  the  IR#3  backscatter  was  either  rotated  with  respect  to  the  transmitter  polarization 
or  was  In  some  unknown  state  of  elliptical  polarization.  A  possible  source  of  directionality  Is  the 
lining  up  of  a  substantial  number  of  the  oblong  population  of  this  aerosol  In  the  direction  of  the 
prevailing  wind. 

To  convince  ourselves  that  the  depolarization  results  exceeding  100-percent  depolarization  were 
not  caused  by  measurement  error,  several  lines  were  pursued,  First,  data  based  on  relatively  low 
signal  levels  were  omitted.  These  omissions  were  done  systematically  by  using  a  sequence  of 
Increasingly  severe  slgnal-to-nolse  ratio  (SNR)  criteria  to  discard  points.  While  this  procedure  did 
eliminate  a  number  of  the  high  depolarization  values,  substantial  data  higher  than  100  percent  (up  to 
200  percent)  remained  even  after  discarding  signals  that  were  up  to  six-times  the  rms  noise  levels. 

The  data  just  referred  to  correspond  to  single  frames.  The  depolarization  curve  of  figure  9  was 
obtained  by  averaging  the  results  of  10  consecutive  frames.  Even  with  such  averaging,  depolarization 
levels  up  to  almost  140  percent  are  obtained,  as  figure  9  shows. 

An  analytical  formula  showing  the  effect  of  noise  in  the  measurement  of  the  cross-polarized  and 
unpolarized  signal  levels,  Vx  arid  V  ,  on  the  calculated  values  of  Dc  was  also  developed.  The  result  is 

•  "3) 

where  p Dc )  Is  the  probability  density  of  depolarization  values,  n  is  the  rms  receiver  noise  level, 
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5  ■  Vxo^°c  +  b)  +  aVuo’  q  '  (Dc  +  b)Z  +  a2,  vo  “  Vxo  +  vuo’  Vxc  end  Vuo  *re  respectively  the  true  or 
mean  values  of  tiie  cross-polarized  and  unpolarized  signal  levels  ( n ,  VXQ,  and  Vuo  have  the  same  units), 
and  the  positive  constants  a  and  b  arise  when  Dc  Is  expressed  In  the  form  «  {aV^/V^  -  b  by  uslnq 
equations  (1C)  through  (12).  This  result  Is  derived  In  Appendix  A.  Equation  (13)  can  be  used  to 
determine  the  expected  spread  In  0,  values  for  specific  data  V...,  V,;„  In  terms  of  the  known  rms 
receiver  noise  level  n.  Two  examples  are  showr  In  figure  10,  which  plots  Pj  versus  for  two  Individ¬ 
ual  data  frames  typical  ot  those  averaged  together  to  produce  the  two  largest  relctlve  maxima  in  the  Dc- 

curvs  of  figure  9;  the  figure  10  (A)  plot  corresponds  to  the  lower  D.  value  in  figure  9.  The  re- 

c 

spcctlve  30-  and  20-percent  spreads  at  tl-c  half-maximum  points  In  figure  10  seem  hardly  sufficient  to 

unt  for,  the  many  Individual  data  points  which  we  observe  betweew  100-  and  2(:0»percent  D  levels 

c 

(after  considerable  omission  of  data  arising  from  low  to  moderate  SNR).  In  addition,  since  the  De 

spreads  to  be  expected  after  a  10-frame  average  are  smaller  than  the  tingle-frame  spreads  by  roughly  a 

factor  of  10  it  seems  clear  that  the  Dc  curve  of  figure  9  represents  a  reasonably  accurate 

measurement;  error  bars  about  the  two  largest  maxima  would  be  roughly  10-percent  wide. 

A  main  source  of  potential  systematic  error  lief  In  the  transmission  coefficients  of  the  sheet 

polarizers  used  In  tho  transmitter  and  cross-polarized  receiver.  The  Polaroid  HR-3  Infrared  sheet 

polarizers  we  use  are  known  to  change  their  transmission  characteristics  upon  extended  exposure  to 

ultraviolet  light.  Care  must  be  taken  to  shield  them  from  light  when  not  In  use,  and  occasional 

measurement  of  their  transmission  coefficients  Is  required.  Measurements  Immediately  after  Smoke  Week 

III  gave  the  values  t^0.64,  tgO.OOlZ,  r^O.0096,  and  rg»0.6B,  These  values,  which  were  used  for 

ou1"  data  analysis,  can  be  compered  with  t^O.69,  t2«0.0018,  r^O.0042,  and  rz»0.7?,  obtained  several 

months  before  Smoke  Week  III.  Were  the  latter  values  used  for  the  data  analysis,  about  10-percent 

lower  D.'s  would  have  resulted  at  the  maximum  of  the  figured  curve.  A  10-percent  lowering  of  D  would 
c  c 

not  materially  alter  our  conclusions,  however.  Also,  based  on  the  history  of  the  sheet  polarizers 

between  the  two  measurements,  the  transmission  coefficients  at  Smoke  Week  III  were  likely  decidedly 

closer  to,  If  not  virtually  the  same  as,  the  post-test  measured  ones. 

Post-test  measurements  of  the  receiver  sansltlvlty  ratio  s  were  also  performed  to  determine  an 

accurate  value  for  use  In  the  data  analysis.  The  value  of  s  depends  on  the  bias  voltages  used  to  set 

the  avalanche  gains  of  the  receiver  photodiodes.  For  the  IR#1 ,  IR#3,  HC  and  fog  oil  trails,  the  bias 

levels  were  the  same  and  s  was  measured  to  be  1.43;  for  the  IR#2  run  s  was  1.78. 

A  final  noteworthy  feature  of  the  IRI3  results  1e  shown  In  figure  9,  where  the  corresponding 

variation  of  tne  volume  backscatter  coefficient  u  Is  also  plotted.  The  precision  of  the  u  measurement 

-4  -1  -1 

Is  estimated  to  b*  i  0.2  x  10  m  sr  for  the  10-frame  average  cane  shown.  The  evident  correlation 
between  high  depolarization  and  low  backscatter  Is  noteworthy  and  suggests  that  the  high  depolarization 
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FIGURE  10.  PROBABILITY  DENSITY  OF  Dc  ACCORDING  TO  EQUATION  (13): 
(A)  For  typical  date  frame  of  those  averaged  to  obtain  the  second 
highest  Dc  maximum  In  figure  9,  (B)  For  typical  data  frame  of  those 
averaged  to  obtain  the  highest  D  maximum  In  figure  9. 
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FIGURE  11,  PERCENT  DEPOLARIZATION  VERSUS  TIME  FOR  TRIAL  11,  XM49w/IR#l. 
At  trial  start  z  ■  0. 
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FIGURE  12,  PERCENT  DEPOLARIZATION  VERSUS  TIME  FOR  TRIAL  14,  XM49w/lR#2. 
At  trial  start  z  *  0. 
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values  nay  be  associated  with  low  stroke  densities. 

For  the  depolarization  versus  tine  plot  for  IR#1  (figure  11),  each  point  corresponds  to  a  single 
frame  of  raw  data.  The  scatter  In  the  data  shows  a  marked  Increase  beginning  In  the  maximum  Dc  region 
at  about  z-75  s;  low  SNR  Is  the  main  cause  of  the  wider  variations.  The  maximum  Dc  region  at  z*75  s 
coincides  with  the  region  of  lowest  signal  levels  where  the  backscetter  return  went  virtually  to  zero 
for  a  brief  period.  Comparison  of  figure  11  with  figure  7  reveals  that  the  high  scatter  region  of  0, 

coincides  with  the  lower  levels  of  o  and  y  and  with  the  high  scatter  region  of  F,  The  high  D.'s  at 

c  e 

the  very  beginning  of  the  plot  are  also  likely  due  to  low  SNR.  Similarly,  the  somewhat  wider 
variations  at  about  2*70  s  and  a  little  later  coincide  with  local  minima  In  sand  u. 

The  sharp  minimum  In  D.  a  second  or  two  before  z*70  s  seems  to  be  an  actual  variation  In  the  de- 

* 

polarizing  effect  of  the  aerosol;  the  data  In  this  region  are  among  the  highest  In  SNR  for  the  entire 

run.  Also  noteworthy  Is  the  fact  that  the  minimum  coincides  with  a  definite  but  somewhat  less 

pronounced  minimum  In  the  plot  of  F  versus  time  In  figure  7.  Apart  from  the  minimum  In  question,  the 

depolarization  In  the  higher  SNR  regions  Is  fairly  uniform  and  equals  15  i  8  percent, 

The  plot  of  Dc  versus  time  for  IR#2  {figure  12)  Is  from  an  eight-frame  average  of  the  data.  The 

results  are  Indeed  remarkable,  for  a  steady  value  of  D„  ■  15  ±  2  percent  Is  Indicated  for  the  entire 

c 

run,  In  spite  of  the  fact  that  substantial  variations  In  the  smoke  density  and  other  parameters 
occurred  during  the  run  (cf,  figure  8).  The  brief  region  of  higher  scatter  near  the  end  of  the  plot 
Is  an  effect  of  low  signal  levels.  The  pronounced  constancy  of  Dc  In  the  face  of  significant  variations 
In  aerosol  density  suggests  that  multiple  scattering  plays  only  a  small  role  as  a  depolarizing 
mechanism  for  IR#2 . 

5.  CONCLUSION 

A  summary  of  the  results  of  the  Smoke  Week  III  trials  reduced  so  Tar  Is  given  In  Table  I.  It  Is 
apparent  that  tha  IR  scretners  differ  consldtrably  from  the  conventional  smokes.  This  conclusion  Is  » 
unlikely  to  'change  once  data  for  phosphorous  smokes  from  Smoke  Week  III  are  also  reduced.  Previous 
measurements  of  white  and  red  phosphorous  smoke.*  (WP  and  RP)  have  shown  them  to  have  quite  similar 
scattering  properties  at  0.9  urn  to  HC . 1 0  The  depolarization  was  not  measured  In  these  experiments; 
however,  since  WP  and  RP,  as  well  as  HC,  consist  of  spherical  droplets  containing  mostly  water,  one 
would  not  expect  them  to  depolarize  radiation  except  through  multiple  scattering  at  high  densities. 

The  IR  screeners,  on  the  other  hand,  do  depolarize  radiation  significantly.  Because  this  depolar¬ 
ization  appears  Indepandent  of  the  concentration,  It  Is  likely  due  to  aspher 1  city  and  alignment  effects, 

not  multiple  scattering.  The  IR  screeners  also  have  significantly  higher  scattering  functions  than  the 

-1  1 

conventional  smokes  or  previously  measured  natural  water  clouds  (F;  0.05  -0.0S  sr  )  and  dust 
( F vt; 0 . 02  -0.04  sr"^)J°  At  high  concentrations,  the  higher  F's  would  lead,  under  the  single-scattering 

UNCLASSIFIED 


IBhfrt**-*-'"' 


- - - 


UNCLASSIFIED 

approximation,  to  higher  maximum  aerosol  backscatter  signals  for  systems  such  as  near-IR  fuzes  or 
target  designators,  Our  data  also  show  that  F  In  a  ylven  trial  can  vary  considerably  for  both  the 
conventional  and  experimental  aerosols.  Fog  oil  shows  the  largest  variation.  This  variation  Is  some¬ 
times  independent  of  the  concentration,  tut  can  also  be  quite  dependent  on  It,  such  as  the  decrease  In 


F  with  concentration  for  IR#2.  This  decrease  contrasts  to  the  Increase  previously  observed  In  cumulus 

3 

and  stratus  clouds  and  attributed,  at  least  partially,  to  multiple  scattering  effects.  The  constancy 
of  Dc  for  IR#2  also  indicates  that  multiple  scattering  was  riot  Important.  The  change  In  F  would  appear 
'to  be  a  size  or  Index  of  refraction  effect,  because  shape  changes  would  be  expected  to  be  reflected  In 
changes  In  D  . 

TABLE  I.  SUMMARY  OF  AEROSOL  PARAMETERS 


Smoke  Week  III 
trial  number 

Aerosol 

type 

Maximum 

(m-1) 

9 

HC 

0.28 

8 

Fog  oil 

0.22 

11 

IR#1 

0.02 

14 

IR  #2 

0.16 

10 

IR*>3 

0.01 

(m-'sr'1) 

dr'1) 

C 

(percent) 

0.0036 

0.01410.005 

<4 

0.0045 

0.0210.01* 

<4 

0.0018 

0. 0810.03 

1B±8 

0.011 

0.0810.03 

1512 

0.0010 

0,1310.04 

60-140 

*  for  a  >0.03  nf 1 

1R  screaners  1  and  2  appear  quite  similar  In  their  0.0  um  scattering  properties,  whereas  IR#3  Is 
obviously  different.  IR#3  has  both  the  highest  F  and  the  highest  De  of  all  the  aerosols  we  have  so  far 
measured.  The  very  high  depolarization  of  this  aerosol  would  render  any  targat/aerosol  discrimination 
technique  based  on  linear  polarizers  ineffective.  The  low  values  of  a  and  u  are  likely  a  result  of 
the  low  concentrations  In  trial  10,  either  because  of  limited  generation  or  wind  direction.  The 
differences  In  o  and  u  observed  between  IR  screeners  1  and  2  are  probably  similarly  caused,  rather  than 
resulting  from  differences  In  the  single-particle  scattering  efficiency. 

The  depolarization  data  for  IR#3  show  that  In  some  Instances  a  more  comp  1 ete  measurement  of  the 
polarization  state  of  the  backscattercd  beam  Is  required.  A  complete  measurement  requires  four  rather 
than  two  backscatter  signal  determ, nations .  A  suitable  set  of  measurements  would  Include  three  with 
different  orientations  of  the  sheet,  polarizer  axis  and  one  with  both  a  fixed  sheet  polarizer  and  a 
quarter-wave  plate  In  the  receiver  channel.  The  resulting  determination  of  four  linearly  Independent 
linear  combinations  of  the  Stokes  parameters  of  thu  backscattered  beam  would  enable  finding  these 
Stokes  parameters  by  solving  four  simultaneous  linear  equations.  The  measurement  could  be  accomplished 
with  our  laser  probe  during  smoke-week-type  tests  by  using  a  small  synchronous  motor  (synchronized  to 
the  laser  pulse  rate)  to  rotate  a  polarizer  In  front  of  one  receiver  and  equipping  the  other  with  a 
suitable  fixed  polarlzer/quarter-wavn  plate  combination. 
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APPENDIX  A 

PROBABILITY  DENSITY  OF  DEPOLARIZATION  VALUES 

In  the  body  of  this  paper,  a  method  for  determining  the  extent  to  which  smoke  scattering  depolarizes 
an  Incident  linearly  polarized  light  beam  In  the  backscatter  direction  was  discussed.  The  discussion 
led  to  an  equation  of  the  form 
v* 

n l  *  4  TT  ‘  b  (Al) 

^  vu 

for  determining  the  percent  depolarization,  D  ,  from  tveo  measured  signal  levels,  Vx  and  Vu;  a  and  b  are 
positive  constants.  This  appendix  analyzes  the  effect  of  noise  In  measuring  the  two  signal  levels  on 
the  corresponding  values  of  D£.  Equation  (13)  of  the  main  text,  which  was  used  there  to  discuss 
measurement  errors  for  specific  data,  Is  derived. 

The  noises  In  the  two  receiver  channels  which  measure  Vx  and  Vu  ere  assumed  Independent,  so  that 
Vx  and  Vu  can  be  considered  as  statistically  Independent  random  variables  with  respective  probability 
density  functions  P^(vx)  and  p2(Vu),  S1nce  the  p*®*^***  physically  distinct  devices,  the  only 
potentially  correlated  noises  are  those  due  to  background  light,  which,  under  aerosol  measurement 
conditions,  are  small  compared  with  the  noise  arising  In  the  rucelver  amplifiers.  Because  virtually  all 
noise  sources  are  of  the  Johnson  or  shot-noise  type,  both  and  p?  are  Gaussian  densities  In  good 
approximation.  Tha  receivers  are,  additionally,  of  nearly  Identical  construction,  and  their  rms 
noise  levels  under  the  same  measurement  conditions  are,  not  surprisingly,  nearly  the  same.  Accordingly, 


we  take 


-  V.J 


(V  -  V  )‘ 
lu _ uo' 


wpsst  «»p|- . y-'j-  w 

where  n  Is  the  common  variance  and  Vxo,  VUQ  are  the  means  of  Vx  and  Vu,  respectively. 

Tha  probability  density  Pj(Dc)  of  depolarization  values  can  be  determined  from  standard  probability 
theory,  First  one  finds  the  probability  P(z)  that  De  <_  z  for  arbitrary  real  z,  then  P3(DC)  is  determined 
as  the  derivative  of  P(z)  at  z  *  Dc,  Because  Vx  and  VM  are  statistically  Independent, 


m]j  Pl(Vx5  P2tVu 


)  dVx  dVu  . 


where  the  Integration  region  In  the  VxVu-plane  Is  the  Image  of  the  set  (DciDc  *  *1  under  equation 
(Al).  It  Is  readily  seen  that  rz  Is  all  points  lying  on  or  above  the  line  Vy  ■  a Vy/ ( z  +  b) ,  Thus 
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DEGRADED  VISIBILITY  TESTING  AT  THE  ELECTRO- OPTICAL  TEST  FACILITY 

CPT  kill  1am  H.  Decker  IV 
US  Army  Electronic  Proving  Grounds 
Fort  Huachuca,  Arlzonn  Q5613 


ABSTRACT 


The  Electro-Optical  Test  Facility  (EOTF)  has  bean  developed  for  testing  Army  devices  working 
In  the  visible  and  Infrared  portion!  of  the  spectrum  under  conditions  of  obscuraton  due  to  fog, 
smoke  and  dust  and  In  the  presence  of  Interfering  sources,  such  as  flares,  battlefield  fires  and 
active  countermeasures  from  both  coherent  and  Incoherent  sources.  The  EOTF  contains  a  fog  chamber, 
a  smoke/dust  chamber  and  an  Interference  simulator  which  together  give  the  Army  the  capability  of 
testing  the  effects  of  many  different  types  of  countermeasures,  both  passive  and  active,  quickly 
and  Inexpensively. 

INTRODUCTION 


The  US  Army  Electronic  Proving  Grounds, located  at  Fort  Huachuca,  AZ.has  had  the  mission  to 
perform  Electromagnetic  Compateblllty  and  Electromagnetic  Vulnerability  (EMC/EMV)  testing  for  the 
Army.  Until  recently,  this  tasting  was  confined  to  the  radio  frequency  portion  of  the  spectrum. 
Several  years  ago, several  test  officers  had  the  foresight  to  realize  that  EMC/EMV  testing  was  also 
required  In  the  optical  and  Infrared  portions  of  tho  spectrum  If  our  systems  are  to  be  fielded  with 
the  fewest  problems  possible.  As  a  result,  the  Electro-Optical  Test  Facility  (EOTF)  was  designed 
and  constructed.  This  facility  can  test  the  Army's  electro-optical  systems  In  a  simulated  dirty 
battlefield  environment  quickly  and  at  low  cost.  Typically,  the  cost  of  testing  an  eloctro-optlcal 
system  In  the  EOTF  Is  ten  percent  the  oust  of  performing  equivalent  field  tests.  As  the  environment 
Is  completely  controlled,  the  same  conditions  can  be  repeated  at  will  and, In  the  cose  of  a  prototype 
competition  test, the  same  situations  presentud  to  the  system  under  consideration. 

DESCRIPTION  OF  THE  EOTF 

The  EOTF  Is  a  wooden  structure  200  feet  long  and  16  feet  square  In  cross-section.  The  optical 
path  length  Is  approximately  160  feat.  The  facility  has  been  constructed  of  wood  to  allow  EMC/EMV 
testing  In  millimeter  wave  portion  of  the  spectrum,  The  EOTF  is  not  currently  Instrumented  for  this 
testing.  The  facility  has  been  designed  to  be  operated  completely  from  the  control  area  as  shown 
at  the  lower  right  hand  corner  of  Figure  1.  This  minimizes  the  number  of  technicians  needed  and 
reduces  the  eye  harvard  In  the  case  where  lasers  are  used  either  by  the  Item  under  test  or  as  an 
Interference  source. 
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Figure  1  shows  a  terrain  model  located  at  the  far  end  of  the  facility.  Targets  will  be  presented 
to  the  Item  under  test  that  are  appropriate  for  that  system.  For  example, an  anti-tank  missile  night 
sight  would  be  tested  while  looking  at  model  tanks  on  a  terrain  background.  Reference  1  contains 
additional  Information  on  the  construction  and  spectral  accuracy  of  the  scale  targets  that  will  be 
presented  to  the  systems  under  test.  If  a  laboratory  type  of  test  Is  dtsireable,  minimum  resolvable 
temperature  (MRT)  targets  can  be  presented.  As  most  of  the  testing  will  be  done  with  the  operator 
In  the  loop, It  Is  envisioned  that  realistic  model  targets  will  be  used  most  of  the  time.  Also 
located  at  the  far  end  of  the  facility  Is  the  Interference  projection  system, 

* 

Between  the  control  area  and  the  target  area  are  located  the  Intervening  environmental  simulators t 
the  fog  and  smoke/dust  chambers.  These  chambers  enable  the  EOTF  to  recreate  a  typical  dirty  battlefield 
environment, 


MMlHAtCD 

IARGH 

BAT  KC, ROUND 


^5*  SMOKIES 

!  s-'. 

VjlIpN*  > 

fcs.'rr'/'ji3 


►  INTFRVtNING 
ENVIRONMENT  Al 
5IMUIATOK 
CHAMftMS 


x 


x'ji- 


\_  1 1  S I 

I  tONlROIANF* 


Figure  1,  Electro-Optical  Test  Facility 
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FOG  CHAMBER 

In  the  fog  chamber  (Figure  2),  fog  Is  created  very  much  as  It  Is  created  naturally.  Water  In  the 
chamber  Is  heated  up,  evaporates  and  saturates  the  air  above  the  water.  The  air  Is  quickly  cooled  by 
liquid  nitrogen  flowing  through  the  cooling  colls  located  at  the  top  of  the  chamber.  This  condenses 
the  water  In  the  air,  forming  fog.  The  particle  size  distribution,  weter  content  and  the  radius  of 
the  most  frequently  occurlng  particles  (R-max)  can  be  controlled  by  careful  control  of  the  water 
temperature,  air  temperature  and  the  flow  rate  of  the  liquid  nitrogen.  To  determine  the  nature  of  the 
fog  In  the  chamber.  a  transmlssomoter  Is  set  up  to  view  through  the  fog.  The  receiver  Is  filtered  so 
as  to  measure  transmission  at  four  different  wavelengths:  0.46,  1.26,  3.9  and  11.3  microns.  The  output 
from  the  tranemlssomater  Is  fed  through  an  analog  to  digital  converter  to  our  minicomputer.  The 
computer  (Figure  3)  uses  a  modified  Mle  scattering  routine  to  determine  the  water  content,  particle 
size  distribution,  R-max  and  equivalent  meteorological  visibility.  The  output  Is  available  within 
15  seconds  cf  the  transmission  measurements,  allowing  near  real-time  Information  on  the  nature  of  the 
fog  In  the  chamber.  As  the  fog  chamber  can  be  recycled  In  less  than,  thirty  minutes,  little  testing 
time  Is  lost  If  the  fog  falls  to  meet  the  required  parameters. 


Figure  2.  Fog  Chamber 
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Figure  3.  TRS-80  Minicomputer 

In  general,  the  formation  of  fog  In  nature  Involves  the  condensation  of  water  from  the  air  on 
either  particulate  nuclei,  such  as  dust  (heterogeneous  fog),  or  spontaneously  produced  water 
nuclei  (homogeneous  fog).  In  either  case,  the  air  must  contain  a  certain  amount  of  water  vapor, 
usually  reaching  supersaturation,  before  appreciable  condensation  will  begin.  The  amount  of 
saturation,  usually  denoted  by  "S",  Is  Inversely  related  to  the  temperature  of  the  air.  Thus,  given  an 
air  mass  with  a  certain  amount  of  water  vapor  present,  a  •  ecrease  of  air  temperature  below  a  critical 
point  will  result  In  fog  formation.  The  rate  of  change  of  S  and  the  magnitude  of  S  determine  the  type 
of  fog  partl-les  most  likely  to  form.  At  the  EOTF,  It  has  been  possible  to  produce  fog  particle 
sizes  In  three  different  ranges;  particle  radii  of  approximately  1  micron,  radii  on  the  order  of 
2-5  microns,  and  radii  on  the  order  of  8—1 4  microns,  further  information  concerning  the  calculations 
used  to  obtain  the  particle  size  distribution  and  other  information  from  the  transmi ssomjter  data 
are  contained  i:.  References  2  and  3,  The  techniques  and  result:  are  as  follows. 
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SUB-MICRON  RADII  FOB 

Due  to  the  mechanic  characteristics  of  the  fog  chamber  and  the  cooling  mechanism,  the  rate  at 

which  the  air  Is  cooled  and  the  amount  of  saturation  possible  usually  results  In  fogs  of  2-5  micron 
particle  radii.  Once  the  fog  Is  formed,  discontinuing  the  heating  of  the  water  at  the  bottom  of  the 
chamber,  end  thus  decreasing  the  water  vapor  present  In  the  air,  causes  fog  particles  to  begin 
evaporating,  becoming  smaller  In  size.  In  addition,  other  processes  occur  which  result  in  the 
remaining  fog  being  composed  of  smaller  particles.  This  type  of  fog  takes  approximately  30  minutes 
to  form  and  can  last  for  approximately  10-15  minutes.  A  typical  sub-micron  particle  size  distribution 
produced  along  with  other  pertinent  Information  Is  presented  In  Figure  4.  This  type  of  fog  Is  typical 
of  fogs  that  have  been  measured  over  dry  land  at  several  locations  In  Europe.  One  similar  fog  was 
measured  at  Grafenwohr  In  1976. 


Figure  4  Sub-micron  Fog  Particle  Sue  Distribution 
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2-5  MICRON  RADII  FQS 

As  described  ebove,  2-5  micron  radii  fog  Is  most  easily  formed,  due  to  the  fog  chamber  operating 
characteristics.  It  has  been  possible  to  produce  this  type  of  fog  at  various  temperatures  with  the 
ability  to  "maintain"  the  fog  with  periodic  heating  and  cooling  cycles,  so  as  to  maintain  the  fog 
for  as  long  as  2-3  hrs.  Typical  results  are  presented  In  Figure  5.  Fogs  of  this  type  are  most 
typically  found  In  a  marine  environment.  The  fog  shown  In  Figure  S  Is  similar  to  the  fog  measured 
off  the  California  coast  In  1975. 


8-14  MICRON  RADII  FOG 

In  order  to  produce  larger  particle  size  fog  It  Is  necessary  to  change  S  slowly.  This  can  be 
done  by  either  lowering  the  temperature  slowly  or  Increasing  the  water  vapor  pressure  slowly. 

Working  within  the  constraints  of  the  fog  chamber,  It  has  been  found  that  Increasing  the  water 
vapor  pressure  by  prolonged  heating  of  the  water  at  the  bottom  of  the  chamber  will  result  In  fogs 
with  particle  sizes  on  the  order  of  10  microns.  This  procedure  takes  roughly  90  minutes  to  perform 
at  loom  temperature  and  the  fog  lasts  for  approximately  20  minutes.  Further  work  Is  being  done 
to  expedite  this  procedure  by  cooling  the  chamber  with  refrigeration  units  and  thus  decreasing  the 
amount  of  water  vapor  pressure  needed  before  fog  formation  will  occur.  Figure  6  displays  a 
typical  8-14  micron  fog  produced  at  the  EOTF.  This  large  particle  fog  Is  similar  to  a  fog  measured 
at  Fort  Rucker,  AL  in  1975.  The  fog  at  Fort  Rucker  was  formed  due  to  the  nighttime  radiation  of 
the  heat  of  the  earth  and  the  subsequent  cooling  of  the  ground  and  the  water  vapor  In  the 
atmosphere  Immediately  above  the  ground. 
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SMOKE  CHAMBER 

As  this'  paper  Is  written,  the  smoke  chamber  Is  under  construction.  The  EOTF  smoke  chamber 
(Figure  7)  has  been  designed  to  handle  the  currently  Identified  threat  smokes,  dust  and  haze. 

The  primary  smokes  that  are  planned  to  be  presented  to  the  Items  under  test  are  hexachloroethane 
(HC),  white  phosphors  and  fog  oil.  The  smokes  will  be  characterized  by  measuring  the  spectral 
transmission  of  the  smokes  using  a  General  Dynamics  spectral  radiometer  with  the  Nlcolet  FFT 
processor  and  by  making  mass  concentration  measurements  using  the  Anderson  Impactor.  The  optical 
and  physical  properties  of  the  smokes  will  be  compared  to  the  results  from  the  Smoke  Meek  tests  and 
other  field  tests  to  validate  the  accuracy  of  the  smoke  conditions  generated  In  the  EOTF.  The  smoke 
chamber  Is  of  the  static  type  with  the  smoke  generated  within  the  chamber.  Lights  are  being  mounted 
within  the  chamber  to  simulate  the  Interference  effects  of  the  ambient  sunlight  when  scattered  off 
the  smoke.  The  smoke  chamber  will  have  air  curtain  windows  at  the  ends  of  the  chamber  to  pi-ovlda 
a  clear  optical  path  through  the  chamber.  This  will  eliminate  smoke  deposits  on  the  windows  as  a 
source  of  error  In  tustlng. 
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INTERFERENCE  SIMULATION  SYSTEM 

In  order  to  simulate  the  effects  of  active  interference  sources  on  the  electro-optical  systems 
under  test,  the  EOTF  has  an  Interference  simulation  generator  (Figure  B).  This  system  consists  of 
visible.  Infrared  and  laser  sources  operating  through  a  shutter  system  to  control  the  duration  of 
the  Interference  and  Irises  to  control  the  Intensity  of  the  sources  such  as  flares,  battlefield 
fires,  artillery  rounds,  mortars  and  munis  flashes  (Ref,  4  and  5).  These  will  be  used  to  reconstruct 
the  Interference  source  and  present  It  to  the  system  being  tested.  The  mirrors  on  the  X-Y  traveling 
table  allow  the  apparent  source  of  the  radiation  to  be  moved  very  close  to  the  target  or  quite  far 
away  with  an  accuracy  of  better  than  0.03  degrees.  Laser  sources  covering  the  visible  and 
near  Infrared  are  currently  on  hand,  and  a  tunable,  high-power  carbon  dioxide  laser  Is  on  order. 

A  detailed  discussion  of  the  Interference  projection  system  Is  contained  In  Reference  6.  The 
Interference  generator  gives  the  EOTF  the  capability  of  simulating  a  wide  variety  of  Interference 
sources  and  countermeasures. 
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Figure  0.  Interference  Simulator  Projection  System 
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SUMMARY 


The  Electro-optical  Test  Facility  gives  the  Ahny  a  testing  tool  that  will  allow  quick.  Inexpensive 
testing  of  electro-optical  systems.  This  testing  will  not  replace  field  testing,  but  rather  will 
enhance  Its  effectiveness  by  highlighting'  those  areas  requiring  detailed  study  In  a  field  environment. 
In  cases  where  Insufficient  funds  preclude  field  testing  In  a  degraded  envlronimiet,  the  EOTF  can 
provide  project  managers  deflnltve  data  concerning  the  performance  of  the  system  under  less  than  Ideal 
conditions.  This  same  data  can  be  used  by  commanders  to  Insure  that  these  electro-optical  systems  are 
employed  to  maximum  advantage  In  the  dirty  battlefield  environment. 
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TLANS^FOR  THE  EVALUATION 

EXPENDITURE  MODEL? 


Barnard  F.  Engtboi 
Atmospheric  Selancai  Laboratory 
White  Sands  Missile  Range,  New  Mexico 


ABSTRACT 

Attenuation  of  electromagnetic  radiation  is  dependent  upon  such  factors  as  scattering  by  aerosols 
and  precipitation  and  crosswind  Integrated  concentration  of  the  plume  of  smoke  deliberately  injected 
into  the  line  of  sight  of  an  electro-optical  device.  The  amount  of  chemically  produced  smoke 
(munition  expenditures)  required  to  screan/obscure  such  a  device  can  be  derived. 

This  paper  presents  the  details  of  two  planned  experiments  to  evaluate  and  verify  smoke  munition 
expenditure  models.  The  first  test  is  scheduled  during  April  1981  at  WSMR  and  the  second  In  Germany  In 
the  Spring  of  1982. 
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DUST  OBSERVATIONS  IN  THE  BATTLEFIELD  ENVIRONMENTS  WITH 
"TAILORED  SOILS  (BETS)  SERIES 

James  B.  Mason,  Katherine  S.  Long,  and  Lewis  K.  Link 
U.  S.  Army  Engineer  Waterways  Experiment  Station 
Vicksburg,  Mississippi 

ABSTRACT 

Tha  generation  of  dust  by  combat  activity  Is  a  subject  of  work  now  In  progress  at  the  U,  S.  Army 
Engineer  Waterway s  Experiment  Station  (WES).  Tha  work  hei  involved  participation  with  other  Army  lab¬ 
oratories  in  field  exercisee  as  well  as  inrhoue*  tasting  to  datermine  soil  snd  tsrrtin  propertlss 
sffsctlng  atmospheric  loading  by  axploaivaa.  Tha  extreme  difficulty  of  obtaining  raprasantatlvs  mea- 
•ursments  of  axploalvt  dust  clouds  is  a  major  obatacls  making  it  neceeaary  to  consider  alternative 
approaches . 

Title  paper  deecrlbae  tha  reeulte  obtained  et  WES  under  the  Battlefield  Environments  with  Tailored 
Soil*  (BETS)  test  saris*,  A  qualitative  model  of  the  loading  proceas  with  some  energy  considerations 
is  includsd.  Different  rasthods  for  maasuring  mass  loading  sre  compared.  Finally,  observations  with 
different  eoil  types  and  properties  end  their  effects  on  dust  generation  are  discussed. 

1.  INTRODUCTION 

Hie  U,  S,  Army  Engineer  Waterways  Experiment  Station  (WES)  le  conducting  a  eerie*  of  experiments 
for  the  study  of  battlefield  environments  using  tailored  nolle.  The  objective  of  BETS  is  to  determine 
those  terrain  properties  that  influence  th«  production  of  dust  by  nigh  explosives  (HE)  and  other  activ¬ 
ities  on  tha  battlefi  i<  The  need  for  such  tests  stems  from  the  fact  that  ths  performance  or  many 
weapons  systems  is  ssversly  degraded  in  optically  obscured  environments. 


1 . 1  PURPOSE 


Models  of  weapons  systems  environments,  like  the  EOBAEL  of  the  Atmospheric  Sciences  Laboratory 
(ASL)  [Reference  l],  and  weapons  systems  performance,  like  BELDWSS  of  the  U.  S,  Army  Missile  Command 
[Reference  2],  Incorporate  dual  generation  leaturas.  However,  there  1*  a  nead  for  more  accurate  rela¬ 
tions  to  describe  the  amounts  of  dust  or  atmospheric  loading  produced  by  combat  activities  as  func- 
tlonsof  terrain  conditions.  Tha  development  of  such  relations  and  of  methods  for  their  use  in  battle¬ 
field  equipment  performance  evaluations  is  the  goal  of  the  BETS  series. 


1.2  SCOPE 


Efforts  to  date  have  been  couflnad  to  the  effect*  of  reel  and  simulated  munitions  bursts.  Future 
plena  Include  investigation*  of  the  effects  of  mutsle  blasts,  vehicles  and  aircraft.  In  this  paper  we 
descrLht  the  underlying  theory  and  features  of  burst  phenomena  and  discuss  related  test  results.  Since 
the  WES  has  supported  several  recent  battlefield  environment  tests  the  observations  made  herein  incor¬ 
porate  those  results  as  appropriate. 


3^3 


UNCLASSIFIED. 


-so  UNCLASSIFIED 

2.  BACKGROUND 

2. 1  EXPLOSION  PROCESS 

Atmospheric  loading  by  the  Interaction  of  HE  with  the  terrain  la  a  complex  proceee.  The  brief 

description  which  follows  will  serve  to  illustrate  the  asperate  loading  mechanisms  end  to  Identify  the 

controlling  terrain  properties.  It  la  restricted  to  an  uncased  HE  detonated  at  the  surface  above  a 
level  homogeneous  terrain  medium. 

the  process  consists  ofi  (a)  the  conversion  of  tha  HE  mass  to  a  superheated  gas  which  expands 
rapidly  to  an  equilibrium  volume,  (b)  tha  development  of  two  hemispherical  shock  fronts,  one  in  the  air 
and  the  other  in  tha  soil  medium,  (c)  the  excavation  of  solid  material  as  kinetic  energy  is  transferred 
from  the  expanding  gas  to  the  soil  medium,  and  (d)  the  disturbance  of  the  surrounding  surface  by  the 
shock  fronts  and  by  impacting  ejecta.  Three  sources  of  dust  may  be  Identified,  the  moving  surface  of 
the  developing  crater  during  the  excavation  process,  the  exposed  surfaces  of  ejected  materiel,  and  the 
surrounding  terrain  surface.  The  relative  contribution  from  each  of  thane  depends  upon  the  physical 
properties  of  the  terrain  end  the  else  and  configuration  of  the  blast. 

Note  that  we  have  not  included  in  this  description  the  development  of  buoyancy  and  entrainment  in 

the  atmosphere.  Hera  we  are  concerned  only  with  the  deposition  of  dust  in  the  air.  Descriptions  of 
bouyenoy  and  entrainment  era  given  in  References  3  end  4  and  more  detailed  discussions  of  explosive 
cratering  may  be  found  in  Reference  3. 

2.2  LOADING  MECHANISMS 

EXCAVATION.  The  active  mechanism  on  tha  expending  crater  surface  during  the  excavation  process  le 
primarily  wind  erosion  However,  the  standard  theory  may  not  be  applicable  because  of  the  extreme 
velocities  and  pressures  experienced.  Eroded  material  moves  along  the  surface  end  le  ejected  at  the 
rim  In  a  thin  conical  sheet.  The  process  Is  lllustrsted  In  Figure  1.  The  ejection  engle  remains 
fairly  constant  and  depends  on  loll  density,  water  content  end  charge  placement  [Reference  6].  It  may 
also  be  related  to  the  angle  of  repose. 

Ejection  velocltlen  diminish  from  sn  Initial  peak  until  the  process  ends  with  a  massive  slumping 
of  material  over  the  rim  of  the  crater.  1'hie  is  consistent  with  an  Increasing  surface  area  and  mass 
over  which  the  kinetic  energy  from  the  expanding  gae  is  being  distributed.  The  ejecta  having  the 
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highest  velocities  have  been  found  to  originate  neereet  the  original  surface  [Reference  5].  Host  of 
the  dust  from  this  process  Is  probably  deposited  In  the  early  stage.  Grain  sizes,  plasticity,  and 
water  content  are  believed  to  be  the  properties  controlling  this  process. 

ABLATION.  As  larger  fragments  of  ejected  material  pass  through  the  air,  particles  are  ablated 
from  their  surfacec.  Examples  of  this  process  may  be  :,ean  in  photographs  of  such  diverse  events  as  the 
Mt.  St.  Helens  eruption  [Refarenco  7],  nuclear  simulations  [Reference  8],  and  our  own  tests  [Flgute  1). 
The  separation  of  individual  dust  psrticlss  is  thought  to  ba  dus  largely  to  aerodynamic  erosion  but  may 
also  Involve  thermal  and  outgasing  effects.  Watsr  content,  plastic  and  coheaiva  properties,  and  grain 
sizes  are  coneldared  dominant  controlling  properties. 

PORK  AIR,  A  substantial  deposit  of  dust  is  often  observed  along  the  terrain  surface  to  consider¬ 
able  distances  from  a  blast.  This  materiel  appears  sometime  after  the  blast  and  rlaes  vary  slowly, 
usually  to  no  more  than  2  or  3  maters  in  height.  It  is  caused  chiefly  by  the  expansion  of  pore  air  in 
the  soil  fallowing  passage  of  the  shock  front,  and  tu  lesser  degrsa  by  the  Impacts  of  ejecta.  The  air 
in  soil  pore  spacae  is  compressed  during  the  overpressure  phase,  and  rapidly  axpande  in  the  rarefaction 
phase  to  separate  and  Impart  small  initial  upward  velocities  to  aoll  grains  at  the  surface  which  are 
then  lifted  farther  by  turbulence.  Soil  moisture  and  porosity  as  well  as  vegetation  are  believed  to 
dominate  this  process. 

2,3  THEORETICAL  BACKGROUND 

Before  discussing  thu  test  results,  a  brief  comment  on  the  distribution  of  deposited  material  may 
be  helpful. 


CAS  EXPANSION.  The  distance  to  which  the  initial  gas  expansion  extends  may  be  estimated  roughly 
from  the  gas  lew.  For  one  kilogram  of  TNT  with  a  heat  of  combustion  of  1100  calories  per  gram 
and  for  total  mass  conversion  end  a  apeciflc  heat  of  unity,  the  resulting  gases  will  expand  to  a 
radius  of  U.82  meterB.  This  is  of  the  same  order  of  size  as  the  crater  radius  in  loose  eoil. 

EJECTA  DYNAMICS.  The  distance  to  which  ejects  will  trsvel  for  a  given  charge  weight  may  be  de¬ 
rived  from  observations  of  ejection  ang'es  by  Andrews  [Reference  6]  and  ejection  velocities  by  Heebnugh 
[Reference  V).  Seebsugh  provides  the  emplrlcsl  relation 
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v  -  566  W1^6  ms-1 


where  yield,  VI  ,  la  in  megatons.  The  result  for  a  1  Kilogram  charge  at  the  surface  Is  18.2  ms~ 

For  an  sjectlon  angle  of  45*,  which  Is  typical,  the  range  of  Impact  for  a  simple  ballistic  trajectory 
In  vacuum  would  be  47 >7  meters.  Of  course  the  actual  value  will  be  reduced  by  drag  forcea. 


AERODYNAMIC  EFFECTS ■  We  may  estimate  tha  distances  to  which  individual  dust  particles  are  de¬ 
posited  from  energy  cons ids rat lone  by  employing  Stokes'  formula.  Tha  rata  at  which  tha  velocity  of  a 
particle  of  radius  R  falling  through  a  fluid  of  viscosity  Is  diminished  by  aerodynamic  drag  is 

■  -6irnMt  <2 


Integrating  and  setting  v  -  v#j  at  t  »  0  yields 


-6  it  |J  Rt 


from  which  we  may  compute  the  time  required  to  attain  tha  settling  velocity,  vg  .  tit  turn,  Integrat¬ 
ing  v  dt  yields  the  distance  traveled  by  the  particle  before  v  Is  reached, 


Repruauntat tve  travel  distance  velues  arc  given  in  Table  I.  As  an  example,  a  0.01  particle  of 
quattt  will  travel  only  0.032  cm  before  being  dominated  by  the  air  atream. 


Particle 

Radius  Travel  Distance  In  cm  by  Particle  Type 
mm _  Quarts  Mica  Charcoal  (pine) 


It  Ih  clear  that  individual  duet  particleH  will  become  captlvee  of  the  flow  regime  Boon  after  they  ere 
uupuratu  !  from  the  mass.  Thus,  Individual  dust  particles  swept  from  the  surface  by  the  Initial  expan¬ 
sion  will  nut  he  deposited  appreciably  beyond  the  expansion  radiuB. 


SUMMARY  UK  VAKlAHl.Kli.  Dust  particles  cohere  to  the  soil  mass  because  of  electrical  and  chemi¬ 
cal  iiiri'uM  and  a  algntflcant  mechanical  action  Is  required  to  separate  them.  One  Important 
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factor  influencing  cohesion  is  water  which  forms  a  film  on  grain  surfaces.  It  follows  that  particle 
surface  area,  and  hence  size  and  shape,  Is  Important.  From  such  considerations,  the  soil  properties 
believed  to  raoBt  significantly  Influence  or  correlate  with  dust  loading  are  the  grain  size  distribu¬ 
tion,  water  content,  hulk  density,  porosity,  Atterburg  limita  and  clay  minerolngy,  Descriptions  of 
these  properties  and  their  measurements  may  be  found  in  Reference  10,  Additional  terrain  factors  that 
must  be  considered  are  the  vegetation  type  and  amount,  vegetation  root  density,  sod  depth  (depth  of  the 
A  horison),  and  the  mechanical  state'  of  the  surface, 

3,  BETS 

3.1  DESCRIPTION  OF  TESTS 


The  concept  of  the  BETS  seriee  ia  to  conduct  explosive  testa  on  specially  prepared  soil  beds  in 
which  the  properties  Just  identified  cen  be  controlled.  In  FY-80,  tests  were  conducted  at  thraa  loca¬ 
tions  (Tabls  XI).  The  B  series  was  conducted  In  cooperation  with  the  ASL's  DIRT-111  series  and  with 
the  WES,  Structures  Laboratory's  Munitions  Bare  Casod  Equivalence  tests.  The  C  portion  was  a  joint 
effort  with  the  Tropic  Test  Center,  Panama. 

TABLE  XI.  BETS-BO  OBSCURATION  TESTS 


Designation 

Location 

Date 

Objective 

BETS-BO  A 

Vicksburg,  MS 

Continuing 

Soil  type,  moisture, 

strength,  and  vegetation 
effects 

11ETS-80  B 

Ft.  Polk,  LA 

April 

Optical  propagation  affects 

BETS-80  C 

Ft.  Clafton,  Panama 

August 

Moisture,  vegetation  effects 

Test  beds  were  prepared  as  shown  in  Figure  2  with  soils  selected  according  to  their  grain  size 
distribution.  Three  principal  soils  were  elitism  to  reELect  s  wide  range  of  terrain  conrtitlona.  A 
heavy  clay  with  90-13  percent  by  veighL  consist ing  of  particles  less  than  0.01  mm  In  diameter  provides 
a  highly  cohesive  and  plastic  soil,  ami  washed  sand  with  0-10  percent  less  than  0.01  mm  ptovldes  a  non- 
coheslve,  nonplaHtlc  soil.  Intermediate  conditions  are  provided  by  a  silt  of  45-53  percent  less  than 
0.01  mm.  Gradation  curves  for  those  materials  are  shown  la  Figure  3.  Moisture  content  and  density 
were  controlled  liy  thoroughly  mixing  measured  amounts  or  water  and  dried  soil  materials  and  packing  the 
resulting  soils  In  the  test  buds. 
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3.2  DESCRIPTION  OF  MEASUREMENTS 

Tests  were  conducted  with  HE  of  0.227,  0.4SA,  2.27  ky  yields  placed  on  tost  beds  In  surlace 
tangent  (!>T)  and  surface  tannest  burled  (STB)  configurations  (cl.  Figure  2).  Measurements  at  each  test 

included  soil  properties,  ejects  mass  distribution,  crater  depth  and  diameter,  amt  the  resulting  dust 
cloud.  Soil  measurements,  deluding  wet  and  dry  density,  water  content,  cons  index,  and  remolding  index, 
were  made  following  procedures  described  in  Reference  10.  Meteorological  data  coneiatlng  of  tempera¬ 
ture,  wind,  humidity,  and  insolation  were  also  measured  at  the  eitee, 

The  measurement  of  the  duet  clouds  has  posod  a  particularly  difficult  problem.  Because  of  the 
suvara  environment,  conventional  samplers  cannot  be  placod  near  the  blast,  and  the  transient  nature  of 
the  events  makes  it  difficult  to  collect  sizeable  samples,  We  have  used  Impact  samplers  coated  with 
adhesive  tape  and  photographic  imagery,  both  with  limited  eucunaa.  At  Ft.  Polk,  La,,  optical  transmis¬ 
sion  data  and  conventional  samples  were  obtained  by  the  ASL,  but  results  are  not  yet  available.  The 
photographic  coverage  was  generally  obtained  oslny  dual  70  mm  Hulcher  sequencing  camnrao  opurstnd 
stereographies  1 ly  with  a  sequence  Interval  of  one  second,  However,  the  stereographic  feature  has  nut 
been  utilized.  Ejecta  samples  were  obtained  in  ordinary  23  cm  pie  pans  and  on  60  by  120  cm  flat  panels 
positioned  at  measured  intervals  around  the  point  of  burst  (POB)  as  shown  in  Figure  2, 

3.3  ANALYSIS  AND  RESULTS 

EJECTA ■  Tn  l'ETS-80  B  where  2.27  kg  explosive  charges  were  used,  ejecta  samples  were  collected 
from  26  events  using  pans  and  from  11  events  uuing  panels.  In  BETS  HO  A,  with  0.227  kg  chatyeM, 

12  events  were  sampled  with  each  method.  The  reaulta  of  test  A  are  summarized  In  Figure  4.  They  are 
presented  us  reduced  depth,  De,  and  reduced  radius,  Re,  for  purpose  of  validating  the  sampling  proce¬ 
dure  against  published  data.  Linear  regression  results  are  found  tn  agree  well  with  results  uf  Hooke 
(Reference  11)  and  with  Andrews  (Reference  b)  who  used  a  continuous  sampling  method  with  an  efficiency 
approaching  unity.  His  curve  cun  be  seen  to  have  a  similar  slope,  hut  displaced  to  much  higher  values! 
reflecting  the  lower  efficiencies  of  the  pan  and  panel  collect,  rs.  The  resulting  linear  regression 
equations  shown  In  the  figure  can  he  adjusted  by  a  simple  constant  multiplier  to  produce  results  that 
appro-  Imate  near  10.)  percent  sampling  efficiency. 

We  have  determined  the  ejerta  mass  distributions  obtained  Irom  BETH-Bl)  A  data  with  thlH  sampling 
procedure  (Figure  Yu),  and  Integrated  the  resu'tH  about  the  axes  of  the  craters  to  obtain  totals 
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of  mass  ejected,  These  mass  values  were  divided  by  tl,e  mean  in  situ  bulk  density  to  yield  ejecta 
volumes  which  are  compared  to  computed  apparent  crater  volumes  in  Figure  5b.  It  can  be  seen  that 
significant  differences  exist.  In  view  of  the  earLier  discussions  of  dust  deposition  it  is  clear 
that  there  is  some  risk  associated  with  relating  ejecta  measurements  directly  to  mass  loading  in  the 
cloud,  but  this  method  is  considered  to  b#  an  improvement  over  that  which  uees  only  crater  volume, 

Crain  sizes  in  the  ejecta  will  tend  to  be  larger  then  in  the  in  situ  material  due  to  the 
removal  of  fines  to  form  the  cloud.  A  sieve  analysis  of  pen  samples  is  shown  for  silt  in  Figure  3 
where  it  can  be  seen  that  the  quantity  of  finea  is  substantially  reduced.  Test  data  that  will  be 
analyzed  in  the  near  future  should  provide  more  information  on  how  to  relate  in  situ  grain  size  dis¬ 
tribution  to  those  of  the  dust  cloud,  These  relationships  can  be  used  directly  to  estimate  the  por¬ 
tion  of  ejecta  mass  that  composes  the  cloud  mass, 

DUST  CLOUD.  Samples  of  the  airborne  dust  can  be  obtained  on  adhesive  impactors  placed  around  the 
POB,  Such  devices  were  used  in  tests  A  and  C.  The  impactors  were  mounted  on  electron  microscope  stubs 
and  analyzed  by  photographing  the  sample  and  counting  the  particles.  Figure  6  shows  an  example  of  the 
data  (inset)  and  the  results  from  test  A.  Sampling  efficiency  again  must  be  considered  (eee  Appendix  A 
for  a  discussion  of  this),  and  sampling  time,  which  is  necessary,  is  difficult  to  measure  accurately. 
The  concentrations  for  diameters  ranging  from  0.003  to  0.3  mm  werB  obtained  by  estimating  the  sampling 
time  from  photographs  and  assuming  a  homogeneous  distribution  throughout  the  cloud. 

In  an  effort  to  evaluate  relative  mass  loading  from  various  sized  events  for  which  samples  are  not 
available,  the  duration  of  the  visible  dust  cloud  was  considered.  Sequenced  photographs  from  DIRT-II 
and  BKTS-80  B  were  used.  We  found  that  the  clouds  from  tests  on  wet  or  moist  soils  sometimes  outlasted 
those  on  dry  soiis,  suggesting  that  substantial  portions  of  the  clouds  may  have  been  composed  of  water 
droplets.  In  general,  however,  clouds  from  larger  eventB  and  from  dryer  sites  were  most  persistent. 
Figure  7,  which  includes  data  from  DIRT-11,  Bummarizea  the  results.  When  tests  from  dry  sand,  silt, 
and  clay  pads  under  identical  conditions  with  moist  terrain  surface  (to  minimize  dust  skirts)  were  com¬ 
pared,  the  clouds  for  silt  and  clay  were  found  to  be  about  equal  in  persistence  at  about  twice  the  value 
for  sand. 

An  Interesting  result  seen  In  the  imsgery  from  BETS-BO  B  is  the  dust  skirt  that  surrounds  the 
blast  but  remains  near  the  surface.  The  humidity  during  that  series  was  typically  higher  in  the 
morning  but  diminished  aa  solar  insolation  increased  each  day.  Figure  8  shows  clouds  at  T  *  10  seconds 
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tor  three  events  conducted  on  dry  soils  at  different  times  on  30  Aprils  In  the  morning  when  surface 
moisture  wut)  highest  the  cloud  is  In  the  farm  of  a  vertical  column  and  1b  confined  to  the  vicinity  of 
the  burst  (Figure  da).  In  the  afternoon  at  the  name  location  the  cloud  rose  from  the  surface  to  con¬ 
siderable  distances  from  the  POB  (Figure  8c).  The  Incorporated  material  clearly  did  not  originate  In 
the  crater  (excavation  proceee).  Since  It  forma  a  eubetantlal  portion  of  the  cloud,  It  la  also  clear 
that  the  tailored  soil  In  thle  particular  event  wee  not  accurately  represented,  became  much  of  the 
resulting  obscuration  arose  from  this  skirt  and  hanoe  was  native  toll. 

The  event  depicted  in  (Figure  8b)  la  a  graphic  axample  of  an  aarly  morning  ahot  for  which  the  sur¬ 
face  was  moist.  Note  the  small  plums  to  the  right  of  the  burst.  This  proved  to  be  the  site  of  a  bed 
prepared  with  dry  clay  and  tha  plume  has  been  ralaed  by  the  ehock  front.  On  other  ahote,  almllar 
results  wore  observed  above  the  dirt  road  to  the  left  of  the  site  but  not  over  the  more  vegetated  area 
on  the  apposite  aide. 


4.  SUMMARY  AND  CONCLUSIONS 


From  the  BETS  series  date,  the  following  conclusions  can  be  drawn! 

(a)  Substantial  portions  of  dust  can  bs  generated  from  the  surface  around  a  POB. 

(b)  Soil  moisture  and  vegetation  conditions  have  a  large  impact  on  dust  contribution. 

(c)  Sandy  soils  are  leas  productive  of  dust  than  silts  or  clays. 

(d)  Clays  do  not  appear  appreciably  more  productive  than  silts,  probably  due  to  the  cohsslvsness 
of  clay. 

Unanswered  questions  remain  regarding  actual  amounts  and  alls  distributions  of  airborne  material)  how¬ 
ever,  sampling  methods  have  been  developed  that  offer  promise  for  solving  this  problem.  Modifications 
of  particle  alee  distributions  due  to  blast  effects  may  be  significant  In  some  soils)  this  phenomenon 

bears  further  study.  Measurements  of  loading  by  pore  elr  expansion  in  relation  to  terrain  surface  con¬ 
ditions  ar,<  desirable)  this  should  be  equally  true  for  muzzle  bleat  loading. 

Crater  volume  as  an  indicator  of  loading  has  bean  largely  ignored  In  thle  eerlee  because  of  the 
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uncertainties  associated  with  soil  compaction  and  back  filling.  However,  the  modeling  of  the  excava¬ 
tion  process  Is  needed  to  properly  describe  the  deposition  of  material  and  the  effuctB  of  variations  In 
munition  size,  and  placement.  To  date,  munitions  effects  have  heen  explicitly  omitted  In  the  BETS  series 

because  of  the  dealre  to  astese  terrain  effects.  However,  munitions  effects  will  be  examined  later  In 
the  Beries. 
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APPENDIX  A,  DISCUSSION  OF  THE  COLLECTION  EFFICIENCY  OF  IMPACT  SAMPLERS 


Thu  velocity  v  ,  at  which  a  spherical  particle  of  density  p 

fluid  is  given  by  Stokes'  formula; 


v 


2 

9 


r 


2  £4 
U 


and  radius  r  ,  will  fall  in  n 


0) 


where  g  is  the  accelerating  force  (gravity)  and  n  la  the  viscosity  of  the  fluid.  For  a  quarts 
particle  in  air  at  standard  pressure,  P  -  2,65  gm/cc  and  M  »  1.79  x  10  (centimeter  -gram-second 

units)  so  that  for  a  1.0  pm  radius  particle  the  fall  velocity,  v  *  0.032  cm  sec-1  and  for  a  1U.0  urn 
particle,  v  *  3.23  cm  sec”1. 


If  we  expose  a  horizontal  surface  of  area  A,  for  a  time  T  in  still  air  containing  a  uniform  dla- 
-3 

persion  of  m  of  particles  of  1.0  pm  radius  falling  under  the  force  of  gravity,  tha  exposed  surface 
will  accumulate  these  partlcleB  at  a  rate 

dN 

gp  *  N  *  v  •  A  (2) 

wheru  Nc  is  the  number  of  particles  collected.  As  shown  in  Figure  Ala  all  particles  lying  within  tha 
vertical  cylinder  above  A  will  be  intercepted  by  area  A.  However,  since  tha  area  will  only  be  ex¬ 
posed  for  a  finite  time  T  ,  there  is  some  distance  D(^T)  for  which  particles  lying  above  D  at 
initial  exposure  (time  -  0)  will  not  be  collected  because  they  will  not  reach  tha  surface  in  time  T  . 
Conversely,  a  volume  Is  Identified  by  DA(or  vTA)  in  which  all  particles  ara  collected. 


Now  suppose  the  air  is  in  uniform  horizontal  motion,  V  ,  to  the  right  (in  the  figure).  Then  all 
of  the  particles  In  the  original  cylinder  will  not  be  intercepted  by  A  .  The  particle  indicated  by  B 
for  example  will  pass  to  the  right  of  A.  A  new  Bample  volume  Is  defined  as  in  Figure  Alb.  The  height 
of  this  volume  Is  still  D  and  the  volume  still  equal  to  AD  ,  A  different  aet  of  particles  will  be 
collected  hut,  since  we  specified  a  uniform  concentration  N  ,  the  total  will  be  the  eeme. 

Next  let  us  suppose  that  the  particle  distribution  is  confined  to  a  fixed  region  of  the  moving 
air.  say  a  vertical  sheet  of  thickness  W  ,  and  instead  of  an  exposure  time  T  we  simply  allow  the 
pnHSnge  of  the  contaminated  volume  to  determine  T  .  The  time  required  for  this  passage  will  be 
T  -  W/V  sue  when  the.  test  surface  A  is  within  the  volume.  The  sampled  volume  is  found  to  be  AD 
where  I)  -  vT  and  we  have  redefined  T  as  W/V  hence, 
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Sample  volume  ■  AvW/V  (3) 


The  total  number  of  particles  collected  will  be  ■  NAvW/V  from  which 

N  V 
N  "A?W 


w 


Thus  we  need  to  meaeure  (1)  the  velocity  of  flow,  V  and  (2)  the  width  of  the  region,  W  In  the 
direction  of  V  in  order  to  determine  the  concentration  11  • 


To  apply  thie  equation  In  a  realistic  setting  we  must  consider  that  particles  of  varying  sizes  will 
exist  in  different  amounts.  Thus  v  ,  a  function  of  particle  radius  r,  is  not  a  constant.  It  is  then 
necessary  to  Integrate  or  sum  eq  (A)  over  the  range  nf  r  .  Noting  that  is  alao  a  function  of  r 

end  with  substitution  from  (1)  into  (A), 


Thus  the  size  distribution  of  the  medium,  N  ,  la,  related  to  that  of  the  temple  by  a  cons  tent  term 
(| jjj)  .  s  measured  quantity  ]  and  the  function  . 
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Figure  ] .  This  schematic  drawing  depictB  u  half-section  view  of  the  explosive  crater  in  three 
separate  BtageB  of  development,  The  point  of  burst  (I’OB)  is  indicated  by  (x).  Positions  (1) 
and  (2)  show  successive  stageB  of  the  advancing  crater  Burfe.ce  with  ejecta  exiting  at  a 
relatively  constant  angle  at  the  rim.  Position  (3)  io  the  final  surface  or  the  apparent  crater, 
Mote  the  backfill  at  the  bottom  and  the  raised  lip.  The  apparent  depth,  I'a,  and  apparent  radlun, 
Ku,  are  measured  in  explosive  teats.  The  photograph  allows  n  uurface  detonation  on  dry  slit. 

Note  the  ejecta  spear s  with  trailing  dust. 
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PLAN  VIEW 


fl«are  'llle  arrangement  Tor  BETS  Is  indicated  in  these  diagrams.  Note  the  difference 

in  Bottles.  The  section  view  shows  the  manner  in  which  material  is  removed  to  allow  placement 
oi  the  test  soil.  The  plan  view  Indicates  the  positions  of  samplers.  At  least,  three  nano 
lire  placed  on  each  radiul. 
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Figure  ’j .  The  measurements  jf  ejecta  material  collected  In  21  cm  diameter  pans  are  illust  ated 
(top)  in  terms  of  areal  density  vs.  radial  distance.  A  linear  regression  provided  the  curve 
ahuum  which  was  then  integrated  to  yield  total  ijecta  volume.  The  comparison  of  that  volume  to 
apparent  crater  volume  fur  several  events  is  ahovti  at  bottom. 
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Figure  7 .  Dust  cloud  durations  sb  uetermined  from  photographs  are  plotted  vs.  explosive  yields 
for  tests  from  the  BETS  and  the  D1RT-II  Beries. 
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Figure  Al.  The  collection  of  particleo  falling  without  lateral  motion  (top)  and  with  (bottom) 
in  a  gravity  field  on  a  horizontal  surface,  A. 
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CORRELATIONS  BBIWEPi  SOIL  PARAMETERS 
AND  OBSCURATION  FEATURES  OF  CLOUDS 
PRODUCED  BY  MUNITIONS  IN  TOE  HUMID  TROPICS 

Mr.  Robert  J.  Fuchs 
CPT  Marie  Martinucci 
US  Army  Tropic  Test  Center 
Fort  Clayton,  Republic  of  Panama 

ABSTRACT 

V 

Field  trials  in  battlefield  obscuration  were  conducted  jointly  by  the  US  Amy  Tropic  Test  Center 
(USATIC)  and  US  Army  Waterways  Experiment  Station  (U8AWES)  in  the  Republic  of  Panama  during  July  and 
October  of  1980.  The  objective  was  to  determine  the  relationship  between  soil  parameters  and  obsoura- 
tion  features  of  clouds  produced  by  munitions  and  explosives  in  the  hunid  tropics.  A  combined  total  of 
sixty-six  135-  and  105-millimeter  anmunition  rounds  and  15-pound  TOT  charges  were  detoneted  statically 
in  varying  types  of  soil  and  tropic  vegetation.  Obscuration  areas  during  cloud  growth  stages  were 
digitized  from  video  recordings  of.  each  detonation.  Correlation!  between  obscuration  parameters  and 
•oil/ vegetation  parameters  were  weak.  Obscuration  was  due  mainly  to  smoke  rather  than  dust,  and  was 
*  minimal  during  the  wet  season  in  the  humid  tropica. 

1.  BACKGROUND  AND  OBJECTIVE 

The  performance  of  many  modern  weapons  systems  can  be  affected  adversely  by  heavy  concentrations  of 
duat  and  smoke  in  the  air.  In  recent  years,  a  systematic  effort  hae  been  underway  to  assess  such 
effaots,  both  in  the  field  and  through  mathematical  computer  models,  to  meet  the  need  for  a  more 
realistic  battlefield  representation.  Because  much  of  the  obscurant  material  on  the  battlefield 
originates  in  the  soil  and  is  raised  by  battle  activity,  the  link  between  obscurant  .material  and  terrain 
must  be  understood  properly. 

USAWES  and  USATTC  conducted  a  cooperative  research  project  in  the  humid  tropics  of  the  Republic  of 
Panama  from  July  through  October  1980.  The  objective  waa  to  determine  the  relationship  between  soil 
parameters  and  obscuration  features  of  clouds  produced  by  munitions  and  explosives  in  the  humid  tropics. 
A  combined  total  of  sixty-six  105-  ami  155-millimeter  amunition  rounds  and  15-pound  TOT  charges  were 
detonated  etatically  In  various  types  of  vegetation  at  three  sites,  including  an  ocean  beach  site. 
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2.  SUMHAItf  OF  PROCEDURES 

The  test  was  conducted  at  Ehpire  Range  6  {on  the  Pacific  side  of  the  Isthmus  of  Panama)  and  at  Mindi 
Farm  and  Pina  Beach  (cn  the  Atlantic  side).  In-place  detonations  of  155-millimeter  rounds,  105-millime¬ 
ter  rounds,  and  15-pound  (6.8  kg)  blocks  of  TOT  were  employed  at  Range  6  and  Mindi  Farm;  only  TOT  was 

used  at  Pina  Beach. 

At  Empire  Range  6,  three  blast  areas  rare  used.  Two  of  these  areas  were  chosen  because  each  area 
was  covered  by  a  different  grass  speciest  Ovnerlum  sag itta turn  (3  to  4  meters  high)  and  Panioum  sp  (1 
meter  high).  The  third  area  wsb  under  the  jungle  canopy.  Half  of  the  blast  surface  cn  each  of  the  two 
grass  areas  was  ooverad  for  several  days  to  dry  the  soil.  The  covering  was  high  enough  above  the  ground 
to  allow  soil  moisture  to  evaporate  without  destroying  the  vegetation.  It  was  not  removed  until 
immediately  before  blasting  to  minimise  exposure  to  rain.  No  attempt  waa  made  to  dry  the  Soil  in  the 
third  (jungle  canopy)  area  of  Range  6.  Three  shots  (one  each  of  155nm,  105im,  and  TNT)  were  detonated 
statically  in  three  different  graas  levelsi  uncut  grass;  grass  out  to  0.3  to  0.5  mater;  and  hare  soil 
cleared  of  all  grass.  The  grass  waa  not  cut  in  the  area  under  the  jungle  canopy.  The  155-  and 
105-mlllimeter  munitions  were  set,  nose  down,  at  the  ground  at  a  30-degree  angle  of  attack  and  detonated 
electrically.  The  TOT  was  placed  ao  that  the  total  charge  detonated  simultaneously, 

At  Pina  Beach,  eight  TOT  charges  were  detonated.  The  charges  were  set  on  the  ground  surface  in  six 
different  areas;  white,  saturated  sand  (shoreline);  white,  wet  (top  centimeter  partially  dry)  sand; 
black,  wet  (top  centimeter  partially  dry)  sand;  Ipunoea  pes-caprae  (morning-glories);  Hvmenooallls 
amerlcana  (spider  lily) ;  and  Panlcum  maximum  (2  to  3  meters  high) .  No  munitions  were  detonated  at  the 
Pina  Beach  site  and  no  artificial  drying  of  the  aoil  was  attenuated. 

At  Mindi  Farm,  the  munitions  and  charges  were  detonated  in  three  different  levels  of  vegetation; 
Qynerlum  saglttatum  (3  to  4  maters  high),  Ovnerlum  saglttatum  cut  to  0.3  to  0.5  meter,  and  bare  soil 
cleared  of  all  vegetation,  The  explosives  were  set  cn  the  ground  and  detonated  in  the  same  manner  as 
at  Range  6. 

At  all  sites,  bulk  soil  sanples  were  taken  before  and  after  the  detonations.  Gone  index  (Cl) 
measurements  were  made,  and  moisture  and  density  samples  were  collected.  Crater  measurements  were  made 
of  symmetric  and  asymmetric  craters.  Blow-out  material  wbb  oollected  at  points  3,  6,  and  9  meters  from 
the  center  of  the  blast  on  the  four  points  of  the  oenpese.  (Jungle  density  precluded  collecting 


blow-out  material  for  the  jungle  canojy  area  of  Range  6.)  Laboratory  analyses  were  performed  on  the 
bulk  samples  and  the  blow-out  material. 

Still  photograph  and  video  tape  records  were  made  of  all  detonations  at  all  sites.  Analysis  of 
video  tapes  provided  data  on  cloud  dissipation.  Durand's  Rule*  was  used  to  compute  the  obscured  cloud 
area.  Opaque  cloud  areas  (through  which  jungle  or  background  targets  were  visible)  were  not  included 
in  the  obecured  area  computations. 

3.  SUMMARY  OP  RESULTS 

tot  charges  produced  the  largest  obscuration  arses  for  the  longest  time  period,  followed  by  155- 
and  105-millimeter  rounds  (figure  1  and  tabls  I) .  The  obscuration  from  TOT  resulted  mainly  from  the 
black,  TOT- produced  smoke,  rather  than  fran  dirt  or  dust.  Because  of  this,  the  oloud  sizes  at  Pina 
Beaoh  (TOT  only)  were  comparable  to  thoee  produced  from  TOT  at  inland  tropic  sites  (figure  2) . 

vegetation  levels  affected  cloud  sizes  to  seme  degree.  Munitions  detonated  in  high,  uncut  grass 
produced  mailer  clouds  than  did  munitions  in  cut  grass  or  bars  soil  (table  11).  the  high  grass 
probably  had  a  dampening  effect  on  the  production  of  dust  and  other  suspended  particles  in  the  sir. 

Crater  sizea  were  largest  at  ths  Mindi  Farm  sits  vAwra  tht  soil  was  wettest.  Resulting  obscured 
areas  were  largest  for  the  first  10  seconds  following  detonation,  but  fell,  ocf  rapidly,  leaving  no 
obscuration  by  20  seconds. 

In  general,  correlations  between  obscuration  parameters  and  soil  parameters  were  weak.  A  matrix  of 
linear  correlation  coefficients  for  the  105-mi 11 Imeter  data  is  presented  in  table  111.  Combinations  of 
prediction  variables  (e.g.,  cone  indexes,  surface  moisture,  and  Atterburg  Limits)  did  fit  a  multiple 
regression  model  in  adequately  predicting  cloud  size.  However,  lack  of  consistency  shown  that  the 
relationships  are  not  strong  snough  to  model  without  further  data. 

*  The  Chemical  Rubber  Oonpany  Standard  Mathematical  Tables,  20th  Sditlcn,  Bditor-in-Chlef  Samuel  M. 
Selby,  PhD. ,  ScD,  Cleveland,  OH,  1972,  p.  14, 
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4.  CONCLUSIONS 


Tropic  wet  seaacr  soils  do  not  contribute  greatly  to  obscuration.  Nearly  all  obscuration  was  caused 
by  the  moke  from  the  munitions  or  explosive,  and  dissipated  within  20  to  40  seconds.  Tropic  vegetation 
does  influence  the  size  of  clouds  produced— munitions  produced  smaller  clouds  in  tall  grass  than  in 
short  grass  or  bare  soil.  A  follow-up  study  in  Panama  Is  planned  during  the  1982  dry  season  to  document 
effects  of  tropic  soils  on  obscuration  produced  by  munitions  and  explosives  during  the  tropic  dry 


TABU!  I.  MEANS  AND  SIGNIFICANCE  UVEL  OF  CRATER  AND  CLOUD  DATA 
TOI  MINDI  FAPW  AND  RAMIE  6,  BY  MUNITIONS  TYPE 


Munition 

Number 

of 

Craters 

Crater 

Volume 

Obscured  Ares, 

Seconds  After  Detonation 

Weight  of  Blow¬ 
out  Material  by 
Distance  from 
Detonation 

l 

-- 

5 

20 

3m 

6m 

_2E 

(m1) 

(m>) 

<g) 

TOT 

16 

0.339 

130 

308 

458 

774 

475 

5,257 

1,436 

370 

105m 

12 

0.210 

87 

157 

187 

171 

18 

2,914 

834 

336 

155mn 

15 

0.531 

143 

177 

215 

259 

76 

7,176 

2,313 

974 

Significance  — 

<.001 

NS 

<•05  « 

:  .001  <.001 

NS 

<.001 

NS 

<.01 

NS  ■  Net  Significant  at  the  a  ■  .05  level. 
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TIME  AFTER  DETONATION  <SEC> 

Figure  2.  Obscured  Area  versus  Time  (TOT  Data) . 


TABLE  II.  MEANS  AMD  BICMIFICMCE  LEVEL  OF  CRATER  AND  CLOUD  DATA 
FROM  MINDI  FARM  AND  RANBE  6,  BY  VB3OTAT1CN  LEVEL 


Vegetation 

Level 

Number 

of 

Craters 

Crater 

Vblura 

T- 

Obscured  Area, 
Seconds  After  Detonatii 

r  5  nr 

(m‘) 

<m*) 

Bara  Soil 

15 

0.369 

129 

240 

353 

589 

Cut  Crass 

14 

0,340 

134 

268 

290 

406 

Uncut  CraBS 

14 

0.369 

103 

151 

246 

272 

Significance 

— 

NS 

NS 

<.01 

NS 

<  05 

SJS  ■  Not  Significant  at  the  a  ■  .05  level, 
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INFRARED  MEASUREMENTS  WITH  THE  MIDAS  III 
RADIOMETER  DURING  SMOKE  WEEK  III  TESTS 

A  G.  Geiaer 

Cincinnati  Electronic*  Corporation 
2630  Glendala-Mllford  Road 
Cincinnati,  Ohio  4S2A1 

1 .  SUMMARY 

Thia  papar  ausunariaaa  the  data  obtained  during  Cincinnati  Electronic!  Corporation'*  participa¬ 
tion  in  tie  Smoke  Week  III  teiti  at  Eglin  AFB,  FL  from  Auguit  8  to  Auguat  14,  I960.  The  data  coniiate  of 
maaauremanta  of  infrared  radiance  of  calibrated  targets  made  with  the  MIDAS  III  scanning  radiometer. 

These  measurements  ware  made  in  the  spectral  bands  3.2-4.77  um,  4,4-4.77  um,  3, 8-4. 2  um,  3, 4-4. 3  um  and 
8-12  um.  The  MIDAS  III  ha*  an  integration  time  of  0.3  millieacondi ,  a  frame  time  of  100  milliseconds  and 

the  spatial  resolution  of  0,1  millirsdians.  A  detailed  description  of  the  operation  of  the  MIDAS  HI 

♦ 

radiometer  is  presented  along  with  details' of  system  calibration, 

Also  included  in  this  paper  ere  description*  of  the  test  objective*,  test  site  and  measurement 

geometry, 


A  data  log  Hats  the  teat  runt  for  which  data  wa*  recorded  and  the  obscurant*,  targets,  and 
meteorological  data.  All  data  it  permanently  preserved  on  magnetic  tape.  Sample  strip  chart  recording* 
of  the  raw  data  are  presented,  un*  tejment  of  data  from  the  IR  No.  1  smoke  test  is  analysed.  This  data 
demonstrates  the  tin*  structured  nonuniformitiee  of  the  obscurant  as  it  pasted  the  target.  These 
nonun 1  form It  Its  create  false  target  tempereture  contrast*. 

The  MIDAS  III  can  provide  high  spatial  resolution  irradiance  difference  data  with  a  short 
integration  time  of  any  spectral  bend  In  the  3-3  um  region  and  simultaneous  date  in  tho  8-12  um 
ba.iJ,  The  system  can  alao  be  uaad  In  a  staring  mode  to  measure  signsl  fluctuations  in  ths  frequency 
rang*  of  0.03  Hs  to  6800  Hs.  With  addition  of  a  chopper,  reference  source  end  eesociated  electronics, 
the  MIDAS  will  measure  absolute  radiance  levels. 


* 
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2.  MIDAS  SYSTEM  DESCRIPTION 

2.1  SCANNER  AMD  CONTROL  CONSOLE 

MIDAS  III  is  n  banded  radiometer  used  to  gather  target  temporal  and/or  spatial  data  i.i  several 
spectral  bands.  The  system  is  modu’ar  and  can  be  configured  in  a  variety  of  ways,  The  MIDAS  III  System 

used  for  the  Smoke  Weak  III  teate  ia  shown  in  the  block  diagram  in  Figure  2.1.1.  The  system  consisted  o 
the  scanner  and  control,  monitoring  and  recording  electronics  and  s  mobile  support  van.  An  external  vle\ 
of  tho  scanner  with  the  TV  camera  and  sighting  scope  la  shown  in  Figure  2.1.2.  The  UV  seneor  shown  in 
Figure  2.1.1  was  not  used  for  the  Smoke  Week  tests. 


Figure  2.1.1.  MIDAS  tll/UV  System  Block  Diagram 

The  scanner  unit  contains  two  lenses  side  by  side,  e  four-element  germanium  lens  with  an  6-13 
urn  paasband  and  a  four-element  (two  germanium  end  two  silicon)  lens  with  a  3-3  urn  passband.  Each  of 
these  lenses  has  a  7  inch  aperture,  e  21  inch  focal  length  end  a  resolution  of  0. 10  mi  1 1  irad isn.  Behind 
each  lens  la  a  coated  pyrex  folding  mirror  which  reflects  the  converging  beams  to  opposite  sides  of  the 
double  sided  coated  aluminum  scan  mirror.  The  beam  of  the  8-13  urn  lens  is  reflected  from  the  seen  mirror 
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Figure  2,1.2.  MIDAS  III  Scanner 

to  the  16  element  mercury  cadmium  tellurida  (HgCdTa)  detector  located  at  the  focal  plana.  The  beam  of 
the  3-5  um  lane  la  reflected  from  the  acan  mirror  to  the  24  element  Indium  antimonlda  (InSb)  detector 
located  at  the  focal  plane.  Both  detectore  have  ataggered  arraye  with  10  percent  overlapping.  Each 
element  in  the  two  arraye  ia  0.09  milliradian  in  aiimuth  by  0.11  milliradian  in  elevation.  When  con¬ 
volved  with  the  optical  blur  spot,  the  detector  elementa  generate  a  ayatem  reaolution  of  0.1  milliradian 
in  the  aaimuth  direction  by  0,12  milliradicn  in  the  elevation  direction.  Tha  two  ataggered  arraye  in 
each  detector  are  aeparatad  by  0,3  milliradian.  Eight  of  the  detector  elementa  in  each  detector  were 
uaed  to  record  data.  Thua,  the  total  elevation  field-of-view  waa  0.8  milliradian, 

The  1-5  detector  ha*  a  cold  apectral  filter  which  limita  the  paaeband  to  the  region  from  3.2  to 
4.77  micrometer*.  A  aix-pnaition  fittar  wheel  with  warn  filtera  waa  inatalled  in  front  of  the  3-5 
detector  in  "rder  to  meaaure  the  apectral  content  of  backgrounda  at  varioua  paaabande  within  the  3.2  to 
4.77  region,  Figure  2.1.3  ia  a  photograph  of  tho  filter  wheel.  Only  four  of  the  available  alx  poaltiona 
in  the  filter  wheel  were  uaed  for  Smoke  Week  meaaurement  a .  The  p.iaabanda  for  theae  four  filtera  were 
wideband,  4.4-4.77  micron, etera,  3. 8-4, 2  raicrometera,  and  3.4-4. 3  mlcroraetera.  When  the  wideband 
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Figure  2.1.3,  Filter  Wheel  Assembly 

filter  wee  In  poiitlon,the  measured  spectrum  wan  limited  by  the  Internal  cold  filter  on  the  deteCor  to 
the  3.2-4.77  micrometer  passband.  The  number,  sequence  and  dwell  time  for  the  selection  of  filters  can 
be  programmed  for  automatic  operation  or  can  be  controlled  manually. 

The  scan  mirror  la  driven  by  a  cam  which  produces  a  linear  scan  of  28  mrad  from  right  to  left  In 
the  object  plane  In  73  msec,  followed  by  a  retrace  to  the  original  position  in  25  msec.  Each  detector 
element  output  connects  to  an  analog  preamp/post  amp  channel  which  produces  an  output  algnal  corresponding 
to  the  spatial  variation  of  infrared  Irradlance  across  the  scanned  f leld-of-vlew  within  the  Instantaneous 
angular  f leld-of-vlew  of  the  detector  element,  The  resolution  and  sensitivity  parameter*  are  shown  In 
Figure  2.1.4. 
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LWIH  DETECTOR 
8-13 /an 


1.8*  (2B  mrad) 

0.S  mrad  (Recorded  Dele) 
1.6  mrad  (Toni  FOV) 


0.1  mrad 
0.12  mrad 
10  Fiwmi/8m 
5-1800  Hi 


7"  Diameter,  f/3, 0.15  mrad  Rnolullon 
BON  TnnimMon 

4  Elimont  Qurmanlun 


MWIR  DETECTOR 

3.2-4.8/an 


1.6*  (28  mrad) 

0.8  mrad  (Recorded  Diu) 
2.3  mrad  (Total  FOV) 
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2-3  x1010  7-20x  10” 


2.5-6  x  10  *13  0.7-3x10-” 


Flgur*  2.1.4.  MIDAS  III  Syetem  Parameter! 

2.2  DATA  RECORDING  AND  READOUT 

The  dxtx  recording  and  readout  electronica  conalet  of  a  4  trace  oeclLloecope  for  direct  monitor 
Ing  of  channel  video  aignala,  ah  8  channel  recording  oaeillograph  for  permanent  viaible  recorda  of  direct 
or  playback  aignala.  and  two  PC-1300,  14  channel  inatrumentat ion  tape  recordara  for  permanent  data 
recorda.  In  addlt ion,  there  wax  a  Sony  vidao  tape  recorder  and  video  monitor  to  record  and  dieplay  the 
picture  from  the  TV  camera  on  the  acanner.  All  thia  equipment  waa  located  inalde  the  mobile  eupport  van. 


The  two  PR-1300  tape  racordera  were  uaed  in  the  PM  mode  except  for  the  voice  and  IRIG  time  coda 
channel  a ( wh ich  were  direct  mode.  The  3-3  channel!  (A1  through  AS)  ware  recorded  on  channel!  1  through  8 
of  recorder  A(  and  the  8-13  uni  channel!  (Cl  through  C8)  were  recorded  on  Cliannela  1  through  8  of  recorder 
B.  On  each  recorda r,  the  IRIG  time  code,  aeimuth  aync  aignala,  and  the  voice  channel  were  recorded  on 
channel!  12,  13  and  14  reapect iva ly .  The  tape  channel  Formnt  ia  tabulated  in  Pigure  2.2,1. 
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Figure  2.2.1.  Tape  Recorder  Channel  Former 

A  Bell  and  Howell  5-134  Recording  Oscillograph  way  uaed  for  direct  recording  of  data  for 
immediate  analysis  and  for  later  playback.  The  oscillograph  is  capable  of  simultaneously  reproducing  6 
channels  of  data  plus  IRIG  time  code  and  asimuth  sync.  For  both  on-site  data  monitoring  and  poet-test 
stfip  out  for  data  reduction,  the  oscillograph  was  run  at  20  inches  per  second.  In  almost  all  cases  a 
gain  of  0.2  volt  per  inch  was  used. 
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3.  SYSTEM  CALIBRATION 

Radiometric  calibration  of  Che  MIDAS  III  System  vat  accomplished  by  measuring  the  response  of 
the  system  to  a  source  of  known  temperature,  emieslvity,  and  angular  size.  The  calibration  was  done  in 
the  Cincinnati  Electronics  Corporation  optical  lab  on  a  16-inch  Davidson  reflecting  collimator,  An 
Infrared  Industries  blackbody  set  at  200*C  waa  usad  aa  the  infrared  source.  This  source  has  an  amisaivlty 
of  0.99  ±  0.01.  The  temperature  was  monitored  by  means  of  a  thermocouple  located  in  the  cavity 
block.  The  measured  temperature  is  believed  accurate  to  i  l.C'C. 

Since  the  calibration  needed  is  the  large  target  radiance  calibration  rather  than  the  point 
source  irr&diance  calibration,  an  extended  target  should  be  used  as  a  source.  However,  a  200*C  large 
source  will  saturate  the  electronics.  For  this  reason,  a  1/20  mrad  point  source  precision  aperture  was 
used, end  the  voltages  measured  were  multiplied  by  the  ratio  of  the  large  target  signel  to  the  1/20  mrad 
target  signal  measured  at  a  lower  temperature  where  eaturation  did  not  occur,  The  reason  that  this 
measurement  was  not  used  as  the  actual  large  target  calibration  it  that  the  Low  temperature  could  not  be 
measured  or  controlled  as  accurately  at  the  200*C  temperature.  However,  the  ratios  measured  ere  accurate 
regardless  of  the  actual  temperature  of  the  source.  The  ratio  was  found  to  be  12.30  for. the  3-3  urn 
channels  and  17.67  for  the  8-13  urn  channels. 


The  output  signal  pulse  from  the  1/20,  200*C  source  was  observed  on  an  oscilloscope  and  the 
difference  in  the  signal  voltage  between  the  hot  target  and  the  ambient  temperature  aperture  disk  was 
recorded.  The  results  ware  multiplied  by  the  above  ratios  end  averaged  over  the  B  channels  and  are  shown 
in  Figure  3.1. 


The  next  step  in  the  system  calibration  is  to  determine  the  radiance  difference  of  the  target 
for  each  filter.  The  effective  radiance  difference,  AL  eff  (Ip),  at  wavelength  Ip  is  calculated  from 
the  equation, 


ALeff 


#B/ 


ta  CO 


Tp  (X) 

Tf  Up) 


M  ill . 

Rg  Up) 


(Igg)  -  LX  CTL) 


dX 


where  pg 

TA  U> 
Tp  (  X  ) 


it  the  reflectance  of  the  collimator  mirror  ayetem, 

is  the  spectral  atmospheric  tranemlssin  over  the  21  foot  collimator  path  length, 
Is  the  spectrel  transmission  of  the  system  filter  et  wavelength  X, 
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s 

b 

Figure  3.1.  Ualibration  Factor* 

Xp  ii  a  reference  wavelength, 

Rs  (X)  i*  tha  baaic  ayatem  apactral  reiponaivity  in  cantimatera  aquared  volta  par  watt  without 
tha  filter, 

LX  (Tbb)  ia  tha  blackbody  apactral  radianca  iri  watt*  par  aquara  centimeter  par  ataradian  per 
micrometer  at  the  blackbody  temperature  Tgg, 

and  L>x  CTL)  ia  tha  blackbody  apactral  radiance  at  the  laboratory  ambient  tamparatur*  Tj,. 

The  apactral  atmoapharic  tranamiaaion  waa  calculated  for  the  21  foot  Davidaon  collimator  path 
length.  The  apectrel  tranamiaaion  curve*  for  the  4  filter*  uaed  during  the  toata  war*  maaaurad  with  * 
Beckman  IR-4  Spectrophotometer.  The  baaic  ayatam  apactral  reaponaivity,  Rg  (X),  waa  datarmined  by 
uaing  a  eerie*  of  apike  filter*  covering  the  ayatem  paaaband  in  conjunction  with  the  collimated  blackbody 
aourc* , 

The  overall  ayatem  reeponae  (baaic,  radiometer  plua  apactral  filter)  for  the  3-3  channel  i* 
ahown  in  Figure*  3.2  through  3.3  for  the  variou*  filter*  uaed,  Filter  No.  1  waa  broadband  uncoatad 
aapphire  For  optical  path  coapenaat  ion,  *o  that  the  overall  ayatam  reaponae  ia  the  aame  aa  the  baaic 
ayatem  reaponae  with  no  filter.  The  overall  abates  reaponae  for  the  ft-13  channel  ia  ahown  in  Figure 
3.6. 
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Figure  3.6, 


8-13  System  Response 


4,  SMOKE  WEEK  III  TESTS 

4.1  TEST  OBJECTIVES 

Th*  Snake  Week  III  teiti  were  held  to  provide  developer*  end  manager*  of  elect ro-opt lcel 
systems  with  an  opportunity  to  evaluate  developmental  hardware  under  actual  {laid  condition*  in  a  sub- 
tropical  region.  Th*  eyetene  teeted  included  laeere,  EO  eeekere,  thermal  imaging  ayatem*  and  radar*. 

Th*  general  objective*  of  th*  tut  were  to: 

(1)  betermin*  th*  effect ivene**  of  fielded,  developmental  and  experimental  EO  ayatem* 
againat  U.8.  inventory,  developmental,  experimental  and selected  foreign  nbBcurmits 

(2)  Determine  the  effect ivenee*  of  inventory,  developmental,  experimental  and  foreign 
obacurant*  agalnit  EO  ayitema, 

(3)  Teat  new  technique*  and  lnat rumant at  ion  for  amoke/obacurant  characterization  under 
field  condition:), 
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(4)  Provide  well  charts  teriaed  amoke/obacurant  clouda  under  (laid  tait  condition*  which 
will  aaalit  obacurant/EO  modelers  in  validating  and/or  improving  thair  modal*. 

(3)  Detarmine  the  affect  of  humidity  on  the  effect ivenea*  of  hygroacopic  obacuranta. 

Tha  specific  objective  with  regard  to  the  MIDAS  lit  radiometer  waa  to  utillia  it*  unique 
capabiUtiea  to  measure  tha  target  radiance  differenced  and  path  tranamiioion  with  high  apatial  reaolu- 
tion  (0.1  nrad),  fait  frame  rate  (lOOmiac),  and  multiple  apectral  banda. 


4.2  TEST  PROCEDURE 

Tha  teat  waa  conducted  at  Range  C-32A  at  Eglin  APB,  PL.  The  taet  layout  ia- ehown  in  Figure 
4.1.  Tha  M1DAB  radiometer  waa  net  up  at  the  800  aeter  point  from  the  target  eraa.  Thla  aite  waa  on  an 
alavatad  mound  giving  a  clear  line  of  eight  to  tha  target  area.  At  the  target  area  a  number  of  aourcet 
were  act  up, including  a  tank,  a  truok,  and  varioue  point  aourea  and  area  aourca  blackbodiee.  Por  tlmoat 
all  of  tha  runa,  tha  MIDAS  system  waa  poaitioned  to  acan  acroaa  two  blackbody  panale,  each  three  feet 
aquare,  which  were  maintained  at  10'C  and  20*0  above  ambient  temperature. 

During  a  teat  run,  emoke  waa  generated  at  a  point  halfway  between  the  target  area  and  the  BOOM 
aite  and  waa  carried  acroaa  tha  line  of  tight  from  aouth  to  north  by  the  prevailing  wind.  Tha  emoke  aiea 
and  the  line  of  eight  through  tha  amoke  were  heavily  inatrumentad  to  fully  characteriae  the  amoke  cloud. 


4.3  DATA  COLLECTED 

Tha  log  of  data  collected  ia  ahown  in  Figure  4,2.  All  amoke  rune  from  Auguet  8  through  Auguat 
14  were  obaerved.  Measurement*  were  made  before  and  after  the  amoke  runa  for  calibration  aa  well  aa 
during  the  time  that  the  amoke  waa  preaant .  The  four  apectral  filtera  uaed  in  the  3-3  um  band  were 
aequenced  during  tha  runa.  The  data  waa  recorded  on  magnetic  tape  for  permanent  atorage.  Oacillograph 
chart!  of  tha  data  were  alto  run  at  the  time  ur  the  teat  for  immediate  viaual  output.  A  typical  oacillo¬ 
graph  chart  la  ahown  in  Figure  4.3.  The  top  trace  la  the  aaimuth  aync  pula*  which  identifie*  the  *c an 
portion  of  the  video  output.  During  thi*  period  the  ayetem  ecana  from  right  to  left  through  1.6  degree* 
at  a  conatant  angular  rate  in  73  marc.  The  prominent  feature  to  the  right  of  center  in  thee*  tree**  ia 
the  two  heated  panel*.  These  targets  were  obaerved  on  nearly  every  run  because  they  provided  a  cona  la¬ 
tent,  calibrated  aource  during  the  entire  teat. 
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TARGET  AREA 

0  □ 


MIDAS  m 

Figure  4.1.  Ttit  Layout 

4.4  DATA  ANALYBIB 

Th«  raw  data  of  which  Figure  4,3  ia  a  ample  wat  uaad  to  calculate  amok*  tranetnieeion  veraua 
time  for  the  left  and  right  panala  aeparately.  Thaaa  curve*  are  ahown  in  Figure  4,4.  The  data  aelected 
for  thia  analyaia  of  tR  No,  1  amoke  wae  taken  during  a  time  whan  there  appeared  to  be  a  ravaraal  in  the 
amplitude  of  the  warmer  an!  cooler  panel*.  The  tranamiaaion  i*  lean  to  be  changing  rapidly  and  in  an 
irregular  manner.  Howavar,  tha  aituation  becooer  clear  if  wa  ah  if  t  tha  curve  for  the  10*C  panel  to  the 
left  by  0.16  aec.  Thia  ia  ahown  in  Figure  4,5.  where  it  can  be  aean  that  the  curve*  cloaely  match.  Tha 
interpretation  ia  that  tha  amok*  cloud  contain*  relatively  email  acala  apaticl  atructura  and  ia  drifting 
acroa*  tha  line  of  aite,  covering  tha  1.3  feat  between  the  panel  centara  in  0.16  aac ,  a  velocity  of  9 
teat  per  aec.  Thia  enablea  ua  to  put  a  diatanca  acale  factor  on  tha  curve.  The  local  non-uniformit lea 
in  the  cloud  have  a  acala  on  tha  order  of  a  few  feat. 

Another  way  of  interpreting  tha  aarne  data  la  ahown  in  Figure  4.6,  Hare, tha  difference  in  the 
aignal  from  tha  1 0* C  and  20*C  panel*  ia  axpraaaad  in  apparent  temperature  difference.  It  can  be  lean 
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Figure  4.2.  Smoke  Week  XII  Data  Log 

that  tha  movement  of  the  non-uniform  amoke, cloud  sometime*  cause*  e  revereal  in  the  apparent  temperature 
contrast  of  the  penels. 
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3.2  ”4.7  7  jim 

12  AUG  1980  RUN  #5  FILTER  #1  2?  hr  22  min 


TIME  -  SEC 


Figur*  4-4.  Tranimiiiion  v».  Tim* 
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3.2 -4.77  jim 

12  AUG  1980  RUN  #5  FILTER  #1  22  hr  22  min 


-10*C  PANEL  (LEFT  SIDE) 
ADVANCED  0,16  SEC. 


2Q'C  PANEL- 
(RIGHT  SIDE) 


-H  K- 

1FT 


22  22  26  2  '26,4  '26,6  '26.6  '27,0  ‘27,2  <27,4  ‘27, &  '27.8  '28,0 

TIME  -  SEC 

Piguro  4-5.  Modified  Tr«mmt*iton  v».  Time 
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5.  RECOMMENDATIONS 

Participation  in  Smoke  Weak  III  with  the  MIDAS  III,  tabulation  of  recorded  data  and  reduction 
of  a  limited  amount  of  data  waa  performed  under  Cincinnati  Electronic!  Corporation  funding.  The  data 
reduced  and  analycad  ahovud  tome  new  and  interesting  characteristic*  of  smoke  due  to  the  unique  measure¬ 
ment  characteristic*  of  the  MIDAS  III.  Fijgure  4.2  showed  that  recorded  data  is  available  for  many 
obscurant  types.  Reduction  of  additional  data  would  provide  swasurement*  of  the**  various  smokes  and 
obscurants  in  the  various  3-}  micrometer  and  8-12  micrometer  wavelength  bands.  In  addition  to  providing 
general  attenuation  levels,  the  MIDAS  data  ahow  the  fine  structure  of  the  smoke  clouds  and  their  varia¬ 
tion  with  tin*  to  0.1  eacond  resolution,  The  fin*  structure  of  th*  IR  No.  1  amok*  in  th*  sample  data 
presented  in  thie  report  represent*  one  short  interval  sampla.  Additional  data  should  b*  reduced  to 
further  define  thie  phenomenon  end  to  determine  it*  affect  on  various  detect  ion  system  concepts. 


UNCLASSIFIED 


401 


UNCLASSIFIED 

ATMOSPHERIC  TRANSMISSION  MEASUREMENT 
OF  SMOKE  AND  OBSCURANTS 

Leonard  V.  Lucia,  William  E.  Surrette,  Jr.  and  Frederic  M.  Zweibaum 

Barnet  Engineering  Company 
Stamford,  Connecticut 

ABSTRACT 

This  paper  describee  an  instrument  that  measures  the  spectral 
transmission  of  the  obscurant  between  the  target  and  the  measuring  syetem.  The 
instrument  employs  a  microprocessor  and  solid-state  memory  to  enable  it  to  normalise 
the  effects  of  the  atmosphere  so  that  only  the  effects  of  the  obscurant  are 
measured.  The  paper  describes  the  instrument  plus  its  capabilities  and  limitations 
in  spectral  resolution,  high-speed  spectral  scanning  and  normalisation.  Also 
described  are  system  deployment  for  field  measurements  during  Smoke  Week  III. 

1 .  INTRODUCTION 

Defining  the  infrared  thermal  signature  of  military  targets  involves 
determining  the  target's  self-emitted  radiation  alter  this  infrared  energy  has 
traveled  through  the  atmosphere  in  its  path  to  the  detection  system.  In  the  course 
of  this  transmission,  radiation  is  absorbed  and  scattered  by  atmospheric 
constituents,  by  the  contaminants  normally  present  under  battlefield  conditions,  and 
by  additional  smoke  end  obscurants  that  may  be  introduced  deliberately  to  confuse 
Identification  by  thermal  signature.  The  atmosphere  plus  man-made  smoke  and 
obscurants  alter  the  target's  self-emitted  radiation  in  a  manner  that  1b 
grossly  non-uniform  with  wavelength  and  which  seriously  impedes  the  collection  and 
interpretation  of  target  thermal  signatures. 

Methodical  collection  of  signature  information  should  include  an 
accurate  evaluation  of  atmospheric  spectral  attenuation  at  the  location  and  time  of 

UNCLASSIFIED 


UNCLASSIFIED 

the  data  collection.  This  permitB  atmospheric  attenuation  effects  to  be  removed 
from  the  signature  data.  Moreover,  in  the  case  of  evaluating  the  performance  of 
tactical  signature  analysis  equipment,  it  permits  a  standard  performance  factor  to 
be  assigned  to  the  system  itself.  With  the  availability  of  such  performance 
factors,  the  effects  of  development  work  can  be  evaluated  on  an  absolute  basis,  and 
the  performance  of  different  eyatema  can  be  compared  realistically. 

in  the  area  of  aignatura  analysis,  the  more  recent  atmoapherio 
transmission  measurement  systems  are  based  upon  the  use  of  microprocessor-control. 
This  enables  them  to  perform  the  basic  restarch  required  to  develop  data 
normalization  techniques  involved  in  removing  the  effecte  of  atmospheric  absorption 
so  that  man-made  battlefield  smoke  and  obscurants,  can  be  spectrally  analycad.  The 
end  goal  is  to  rsveal  the  thermal  signature  of  the  targets  of  interest  and  to 
ascertain  the  effecte  of  various  obscurants. 

2.  TRANSMISSOMETER  SYSTEM 


2.1  MARK  II  SYSTEM 

The  Model  1 2—550  Mark  II  Reaearoh  Radiometer  shown  in  Figure  1  that  is 
the  basis  of  the  transmlssometer  system  used  in  Smoke  Week  has  bsen  described 
elsewhere  (1)  in  detail.  Only  the  outstanding  characteristics  of  this  instrument 
will  be  reviewed  here. 

The  design  philosphy  was  to  achieve  maximum  flexibility  by  employing  modularity  of 
optics,  alectronics  and  machanica,  together  with  use  of  microproceaaor  and  computer 
capabilities  that  are  software-coupled  to  the  application.  In  the  mentioned  paper 
the  authors  described  a  spectral  radiometer  optical  system  specifically  designed  to 
permit  great  ease  and  speed  in  interchanging  detactor-preamplif ier  and 
spectral-filter  modules.  In  this  arrangement,  all  detectors  have  aligned  fields  of 
view,  and  there  is  ample  space  to  permit  each  module  to  be  designed  for  maximum 
performance. 

The  above-mentioned  optical  system  is  insufficient  to  provide  data  that  la  easy 

UNCLASSIFIED 


'  •  . . . 


UNCLASSIFIED 

to  process  and  reduce.  The  solution  that  the  authors  have  designed  is  to  install  a 
microprocessor  into  the  electronics  system  that  processes  the  output  signal  from  the 
radiometer  ‘optical  head.  As  described  in  the  referenced  paper  (1),  the 

microprocessor  has  four  powerful  capabilities.  First,  it  permits  the  incorporation 
of  such  capabilities  as  automatic  gain  control,  normalisation  and  sample  averaging. 
Second,  it  provides  control  functions  such  as  the  automatic  electronic  switching  of 
electrical  attenuators,  chopper  speed  control  for  maximum  sensitivity  of  the 

< 

detector  in  use}  ana  the  rotation  of  spectral  filters,  scanning  mirrors  and 
accessory  devices  according  to  requirements.  Third,  and  most  important,  it 
integrates  the  first  and  second  capabilities  to  the  specific  requirements  of 

applications  such  as  atmospheric  transmission  measurements,  reflectivity 
measurements  of  a  selected  environment,  or  control  of  an  industrial  or  scientific 
process.  Fourth,  the  microprocessor  processes  input  and  output  data  to  make  it 

suitable  for  interfacing  with  selected  data  display  and  computer  facilities.  These 
four  oapabilites  are  provided  primarily  by  software  tailored  to  fit  the  requirements 
of  the  measurement  mission. 

2.2  USB  AS  A  TRANSMISSOMETER 

The  spectral  radiometer  as  described  can  aloo  be  used  as  the  receiver 
section  of  an  atmospheric  tranaissometer  system.  All  that  is  required  is  to  aim  the 
radiometer  at  a  distant  source  of  known  radiation,  or  a  suitable  blackbody  source 
,  equipped  with  a  collimator  as  3hown  in  Figure  2.  Now  the  transmission 

e 

characteristic  of  the  intervening  atmosphere  can  be  measured  directly  in  terms  of 
percentage  transmitted  in  any  wavelength  interval  of  interestT  In  such  applications 
the  instrument  is  operating  as  a  single-beam  spectrometer. 

Such  an  instrument  system  is  of  vital  importance  on  the  military  test 
range.  Here  the  operation  of  many  systems  involves  the  detection  of  ultraviolet, 
visible  or  infrared  radiation  emitted  or  reflected  by  distant  targets.  Examples 
include  laser  ranging  systems,  FLIR  systems,  automatic  target  tracking,  intrusion 
detection  and  target  signature  analysis  systems.  In  these  ubcs  radiation  1b 
transmitted  from  a  target  through  the  atmosphere  to  the  measurement  system. 
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2.3  REQUIREMENTS  FOR  OBSCURANT  MEASUREMENT 

Making  comprehensive  spectral  transmission  measurements  through  dense 
obscurants  requires  that  the  following  group  of  advanced  characteristics  be  built 
into  the  measuring  systemi 

1.  High  sensitivity 

2.  Fast  Response 

3.  Pull  spectral  Coverage 

4.  Automatic  operation 

5.  Direct  Interfacing  with  Data  Logging  Systems 

6.  (Juick-Look  Capabilities 

7.  Adaptability  for  Different  Operational  Modes  and  Spectral  Regions 

8.  Elimination  of  Steady-State  Signals  and  Instrument  Calibration 
Constants  by  Normalisation  Techniques 

2.4  DISCUSSION 

Relatively  fast  response  is  required  to  analyze  transient  obscurant 
effects,  as  compared  to  slowly-changing  atmospheric  phenomena.  To  examine  obscurant 
smoke  effects  comprehensively  we  must  have  full  spectral  coverage,  and  automatic 
operation  is  needed  to  monitor  time-dependent  effects.  Recording  on  data  logging 
equipment  is  important  for  processing,  but  s  "quick  look"  by  means  of  a  real-time 
printer  or  analog  X-Y  recorder  is  of  immense  help  to  the  field  operator. 

In  measuring  transmission  through  a  normal  atmosphere,  the 
transmissometer  will  produce  an  output  that  is  of  little  Interest  to  chia 
experiment.  When  no  smoke  is  present,  the  atmosphere  will  produce  some  particular 
transmission  percentage  for  a  specific  spectral  region.  It  is  helpful  if  the 
operator  has  the  capability  to  normalize  this  percentage  so  that  a  transmission 
readout  of  100  percent  is  produced.  Then,  any  transmission  percentage  that  is 
obtained  in  the  presence  of  an  obscurant  is  known  to  be  due  to  the  absorption  of  the 
obscurant  alone.  Details  of  the  normalization  procedure  are  described  in  Ref.  (2). 
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If  one  can  atore  clean-air  normalisations  for  each  filter  used  (be  it  a 
deecrete  filter  or  a  position  on  a  CVF),  the  system  will  produce  on  output  giving 
the  spectral  transmission  of  the  obscurants  introduced  into  the  atmosphere. 

The  some  concept  can  be  applied  to  an  instrument  employing  a  rotating 
filter  wheel  containing  discrete  elements  or  sections  of  continuously-varying 
filters. 

2.5  SYSTEM  TRADE-OFFS 

The  Mark  II  Radiometer  System  is  modular  in  construction  and  offers  a 
variety  of  detector  packages,  filter  modules  and  collecting  optics.  The  choice  of 
specific  components  is  dependent  upon  the  following  related  measurement 
constraints! 

1.  wavelength  Region  and  Spectral  Resolution 

2.  spectral  Scan  Time,  Affecting  Information  Bandwidth 

3.  Optical  Path  Length,  i.e.  Range 

4.  Transmission 

The  wavelength  region  determines  the  choice  of  detector  package  and 
filter,  and  the  apectral  resolution  is  determined  by  the  filter  selection.  However, 
the  apectral  resolution  determines  the  amount  of  radiation  received  from  the 
Source/Transmitter  and  thus  influences  the  signal-to-noise  ratio. 

Spectral  scan  time  requirements  are  determined  by  the  need  for 
maintaining  stable  conditions  during  the  apectral  scan.  A  relatively  steady 
condition  can  be  scanned  slowly,  but  a  transient  condition  must  be  scanned 

eufficiently  rapidly  to  record  the  nature  of  the  changes.  The  rate  of  information 
transferred  determines  tha  bandwidth  required  to  carry  out  the  transfer  with  the 
required  degree  of  accuracy.  The  required  bandwidth  is  proportional  to  the  rate  of 

transfer.  Nolae,  of  course,  is  also  dependent  upon  the  bandwidth.  Rapid  data 

collection,  then,  requires  a  wide  bandwidth  which  leads  to  more  noise.  In  the 

interest  of  obtaining  a  better  signal-to-noise  (S/H)  ratio,  one  may  scan  more 
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slowly/  Increasing  the  dwell  time  at  each  measurement  wavelength.  One  may  offset 
this  increased  scan  time  by  making  fewer  meaaurements,  perhaps  using  a  wider 
wavelength  window  for  each  measurement.  The  latter  thus  improves  the  S/N  first  by 
decreasing  the  nol.se,  and  second  by  increasing  the  signal,  at  the  coat  of  decreasing 
spectral  resolution. 

The  range  and  absorption  affect  the  amount  of  signal  received.  In  a 

perfectly-transmitting  medium  the  range  attenuation  for  a  given  source  will  follow 
the  inverse-square  law.  The  transmission  of  the  path  will  be  given  by  the 

transmission  per' unit  when  raised  to  a  power  equal  to  the  path  length.  Finally,  the 
required  signal-to-noiae  ratio  of  the  system  is  affected  by  the  required  level  of 
discrimination  between  transmission  levels. 

2.6  OPTICAL  SYSTEM 

In  general,  increasing  the  diameter  of  the  projecting  optical  system  in 
the  source  and  the  collecting  optical  system  in  the  reaeiver  will  increase  the 

signal  level  coming  out  of  the  detector.  The  fields  of  view  of  these  optical 
systems  can  also  be  selected  to  best  match  the  measurement  program  being  planned. 
The  radiation  level  from  the  source  increases  with  source  temperature  (normally 

500-1000  degrees  C)  and  with  the  diameter  of  the  source  aperture  Itself  (up  to  0.5 
inah).  it  will  also  increase  with  the  area  of  the  collimating  optics  adjusted  for 
any  throughput  loss  caused  by  obscuration  by  the  additional  mirror  in  an  on-axia 
reflective  system. 

As  far  as  the  receiving  system  is  concerned,  for  a  given  f/number, 
sensitivity  will  increase  es  the  linear  dimension  of  the  collecting  optic  diameter, 
i.e.,  an  8-inch  system  will  hsve  approximately  twice  the  sensitivity  of  a  4-inch 
system  with  the  same  field  of  view.  Mark  II  radiometers  have  been  produced  with 
both  4-inch  and  8-inch  collectors.  Source  collimators  are  available  with  optical 
diameters  of  4.7,  6,  10  and  16  inchea. 
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2.7.1  CONVENTIONAL  DETECTORS 

D«p«nding  upon  the  needs  of  the  measurement  program,  either  conventional 
thermal  or  photo  detectors  can  be  chosen.  Thermal  detectors,  such  as  thermistor 
bolometers  and  pyroelectrics  dspend  upon  heating  the  sensitive  element  and  are 
largely  independent  of  wavelength.  The  photo  detectors  are  sensitive  only  to 
certain  wavelengths  as  determined  by  the  materials  of  which  they  are  composed. 
Their  peak  response  occurs  near  their  long-wave  limits,  and  their  short-wave 
response  falls  off  proportionally  to  wavelength,  or  even  more  rapidly.  For  example,  a 
detector  with  peak  response  at  5  micrometers  will  have  half  the  response,  or  leas, 
at  2.5  micrometers.  The  longer-wavelength  photo  detectors  require  cryogenic 
cooling  while  the  thermal  detectors  do  not.  The  photo  detectors  are  somewhat  more 
expensive,  but  do  have  from  10  to  100  times  greater  detectivity  at  their  peak 
wavelengths.  The  photo  detectors  have  response  speeds  in  the  order  of  microseconds, 
while  thermal  detector  response  speeds  are  in  the  order  of  milliseconds. 

2.7.2  SANDWICH  DETECTORS 

The  optical  Head  that  has  been  designed  makes  it  easy  for  the  user  to 
interchange  detector-preamplifier  modules  with  ease  as  required  by  the 
application.  Regardless  of  how  easy  this  may  be,  such  interchange  interrupts  the 
measurements  procedures  and  in  certain  research  programs  it  may  involve  Iohb  of 
data.  This  limitation  has  been  overcome  to  a  considerable  degree  by  the  development 
of  the  so-called  "sandwich"  detector. 

In  1977  Barnes  Engineering  Company  rsported  upon  a  technique  (3)  for 
producing  photovoltaic  sandwich  detectors  of  InSb/PbSnTe  where  the  two  elements  are 
physically  separated.  This  technique  has  been  developed  and  is  now  being  used  for 
the  production  of  InSb/HgCdTe  sandwich  detectors.  Also  developed  its  a  new  package 
in  which  a  liquid  tiitrogsn  dewar  cooled  sandwich  date  cor  with  matching  preamplifier 
is  adapted  to  the  Mark  II  Research  Radiometer  System. 

UNCLASSIFIED 


dtipk  '#****!»*•  ■’ 


UNCLASSIFIED 

Because  of  the  microprocessor  control  capabilities  built  into  the  Mark  II 
■System,  combined  with  t h“  programmable  spectral  filter  system,  the  outputs  from  both 
detectors  can  be  used  to  'heir  fullest  advantage.  As  the  spectral  filter  rotates, 
ihe  microprocessor  selects  the  detector  output  most  appropriate  for  that  particular 
spectral  region  and  equalizes  the  gain  cf  the  amplifier  system.  The  results 
produced  are  as  from  a  single  detector  with  the  best  qualities  of  both  indium 
antimonide  and  mercury  cadmium  telluride. 

The  sandwich  detector  provides  optimum  sensitivity  over  the  entire 
spectral  range  of  interest  in  spectral  signature  Btudies  of  targets  at  ambient 
temperatures.  This  capability  is  useful  in  spectroradiometric,  atmospheric 
transmiaeometer,  and  reflectometer  applications  related  to  environmental  and 
ambient-temperature  military  targets. 

In  such  applications  the  spectral  filter  wheel  can  be  programmed  to 
employ  certain  filter  sequences  with  the  output  of  one  of  the  sandwich  detectors  and 
other  filter  sequences  with  tho  output  of  the  other  sandwich  detector.  In  the  same 
manner,  and  for  each  filter-detector  combination,  optimum  amplifier  gain  and 
bandwidth  settings  can  be  employed.  Moreover,  the  computation  capabilities  of  the 
microprocessor  can  be  employed  to  normalise  the  reduction,  so  that  the  spectral 
outputs  and  phasing  of  the  two  detectors  are  completely  compatible. 


2.B  ADDITIONAL  CAPABILITIES  ‘ 

Performing  transmission  measurements  through  obscurantB  also  requires 
automatic  gain  control  (AGC),  sample  averaging  and  filter  wheel  control. 

Automatic  Gain  Control  (AGC!  is  selected  by  depressing  Button  13  In  the 
Output  Mode  section  of  the  Front  panel.  The  purpose  of  AGC  in  to  accommodate  the 
full  dynamic  range  of  the  instrument  on  the  output  display.  AGC  automatically 
selects  the  correct  attenuator  value  for  the  signal  preoently  being  processed  30 
that  the  output  reading  is  approximately  mid-range.  The  microprocessor  reads  the 
signal  value  from  the  analog  to  digital  converter  output  and  the  present  attenuator 
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value.  The  microprocessor  central  processing  unit  (CPU)  then  decides  if  the  pror-ent 
fliqna)  mading  has  reached  its  minimum  or  maximum  value  for  the  present  atteniM.or 
value,  Tf  it  has,  the  CPU  selects  the  next  lowest  or  highest  attenuator  value  is 
appropriate.  The  AGO  setting  is  constantly  updnted  to  provide  an  accurate  output. 

The  Signal  Averaging  function  la  activated  by  depressing  a  pushbutton  in 
the  Output  Mode  section  of  the  front  panel.  The  CPU  then  processes  the  signal  and 
r  compares  it  to  the  noise,  looking  for  a  100  to  1  ratio.  If  this  ratio  is  met,  the 
filter  steps,  and  the  front  panel  reading  is  updated.  If  the  ratio  is  3  'jSS  than  100 
to  1 ,  3  more  samples  are  taken;  and  the  ratio  is  checked  again.  This  sample-taking 
*■  process  continues  (1,4,6,16,32)  until  a  maximum  of  32  samples  are  taken.  After  the 

32nd  sample,  the  filter  is  stepped  and  the  front  panel  is  updated.  A.,  this  time,  the 

ratio  may  or  may  not  be  100  to  1,  but  the  Signal  Averaging  function  has  supplied  the 
best  available  signal-to-noise  ratio. 

filter  wheel  control  ie  an  important  function  supplied  by  the 

microprocessor,  and  converts  the  basic  radiometer  into  e  spectral-ouunning  radiometer 
or  spectrometer.  In  one  form  the  system  employs  a  filter  wheel  with  proviaions  for 
mounting  up  to  10  half-inch  diameter  discrete  filters  having  any  available  wide  or 
narrow-hand  spectral  characteristics.  Neutral  density  filters  can  also  be  installed 
and  can  be  made  to  supply  spectrally  uniform  optical  attenuation  in  magnitudes  up  to 
1000  to  I.  This  extends  the  instrument's  total  dynamic  range  to  10«. 

In  an  alternate  arrangement  the  wheel  can  be  fitted  with  one  or  more 

segments  of  a  wedge  type  continuously-variable  interference  filter  (CVF).  In  this 
arrangement  the  waveie.igth  of  the  transmitted  radiation  varies  gradually  with  angle  of 
wheel  rotation.  It  is  possible  to  make  combination  filter  arrangements  in  which  there 
are  CVF  segments,  discrete  filters  and  neutral  density  filters.  When  equipped  with 
either  of  these  motor-driven  filter  options,  the  PCU  is  supplied  with  an  accessory 
left  control  panel  shown  in  Figure  1.  This  enables  the  operator  to  use  the 
microprocessor's  control  capabilities  to  drive  the  filter  to  any  selected  position  or 
to  drive  it  automatically  through  any  of  10  predetermined  programs.  In  addition,  the 
operator  can  modify  any  program  according  to  the  immediate  needs  of  the  phenomenon 
being  measured,  or  create  a  brand-new  program  for  the  occasion.  In  such  operations 
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the  filter  wheel  can  be  driven  through  continuous  scans  at  rates  as  fast  as  2  scans 
per  second  or  go  through  complex  indexing  patterns. 

3.  OBSCURANT  MEASUREMENTS 

3.1  FIELD  APPLICATIONS 

The  microprocassor-bassd  Modal  12-550  Mark  II  Spectral  Radiometer  contains 
all  that  is  required  to  maks  the  obscurant  emission  and  transmission  measurements 
through  a  selection  of  spectral  intevala  and  to  process  the  resulting  data  to  produce 
the  desired  results  in  real-time.  The  described  system  oan  be  used  as  either  a 
spectral  radiometer,  a  spectral  transmissorneter,  or  as  both  a  radiometer-transmis- 
someter  for  making  simultaneous  "mission-transmission  measurements.  For  a  discussion 
of  simultanious  emission-transmission  measurements,  see  Reference  (4). 

3.2  TRANSMISSION  MEASUREMENTS 

As  described  earlier,  the  transmissometer  la  similar  to  the  fundamental 
spectral  radiometer,  exctpt  that  the  modulator  is  embodied  in  the  source/transmitter 
and  the  receiver  is  not  chopped,  The  received  signal  is  demodulated  using  the 
reference  signal  from  the  source  modulation,  assuring  rejection  of  the  radiation  from 
the  unmodulated  background  radiation.  The  direct  transmission  measurement  is  computed 
by  normalizing  each  transmission  measurement,  using  the  data  taken  with  a  clear 
atmosphere  path  at  the  same  range  as  that  used  during  a  calibration  run.  At  each 
filter  position,  the  calibration  data  is  stored  in  the  transmissometer ' a 
random-accesa-meinory  (RAM)  for  retrieval  following  each  data  measurement. 

At  slower  scan  speeds,  i.e.,  one  scan  of  2.5  through  14  micrometers  in 
12-14  seconds,  or  longer,  adequate  time  is  available  to  permit  the  attenuation  level 
of  each  filter  point  to  be  adjusted  individually  in  proportion  to  the  received  signal 
intensity,  At  filter  scan  speeds  up  to  one  or  two  per  second,  a  different  technique 
is  uued.  Advantage  is  taken  ot  the  fact  that  spectral  responses  rarely  change  at  such 
rapid  rates.  it  is  acceptable  to  use  attenuator  settings  for  whole  ranges  of  filter 
wavelengths,  In  thin  manner,  it  is  possible  to  reduce  the  sampling  period  at  each 
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filter  step.  With  this  technique,  the  filter  is  allowed  to  scan  normally,  during  the 

calibration  sequence,  setting  optimal  attenuator  settings  in  the  AGC  mode.  During  the 

succeeding  scans,  the  attenuations  are  selected  based  upon  the  highest  attenuator 

setting  in  preselected  spectral  bands.  In  the  measurement  mode,  a  different 
attenuation  ie  set  throughout  each  of  3  or  4  selected  bands  only,  thus  saving 

considerable  time  compared  to  reselecting  attenuation  before  each  filter  position. 

r 

3.3  FIELD  DEPLOYMENT 

The  tranemissometer  was  utilized  during  the  Smoke  Week  III  exercises  during 
the  summer  of  1980.  During  these  exerciaea,  high-speed  atmospheric  transmission 

measurements  were  made  near  the  test  point.  This  data  was  used  to  produce 
time-oriented  transmission  data  such  as  that  shown  in  Figure  3.  In  this  illustration, 
the  epectral  transmission  is  illustrated  as  a  function  of  time.  Data  shows  the 
transmission  spectrum  of  white  phosphorus  normalized  to  the  clear  atmospheric  path  of 
5  meters.  This  illustration  was  supplied  by  Dr.  M.  Farmer  of  the  University  of 
Tennessee  Space  Institute  and  shows  successive  spectral  saana  during  a  period  of  30 
seconds,  starting  2  minutes  after  the  beginning  of  the  test.  Because  of  the  small 
size  of  the  illustration,  the  considerable  spect-ral  information  in  the  8  to  12 
micrometer  region  is  not  readily  visible,  but  it  is  revealed  in  detail  by  computer 
processing.  This  type  of  display  is  useful  for  a  "quick  look"  because  it  shows  both 
the  spectral  variations  plus  the  magnitude  of  their  variations  with  time. 

'  Figure  4  shows  the  relative  placement  of  the  source  and  receiver  Optical 

Head,  and  Figure  5  shows  other  views  of  the  test  setup.  Both  the  source  and  the  head 
were  mounted  in  a  protective  shelter  to  reduce  solar  heating  and  provide  protection 

;  from  rain.  In  this  exercise,  the  path  length  was  very  Bhort  (5  meters)  and  the 

aperture  of  the  source  was  more  than  adequato  to  fill  the  field  of  view  in  the 
receiver.  Accordingly,  no  collimator  was  required.  Under  this  condition, 
measurements  were  made  with  a  signul-to-noise  ratio  exceeding  200  in  the  8-14 
micrometer  spectral  range.  The  tranemissometer  waB  equipped  with  an  InSb/HgCd'l’e 
sandwich  detector  providing  spectral  coverage  in  the  overall  band  from  2.5  to  14 
microns.  A  three-segment  continuously  variable  filter  (CVF)  was  installed,  providing 
243  point  of  data.  This  wheel  offers  bands  and  resolution  as  follows: 
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Segment 

Band 

Resolution  (hbw) 

1 

2 .  5  -  4.5u 

1.3b* 

2 

4.4  -  8.0u 

1.35* 

3 

7 . 9u  -  14u 

1.81 

waa  scanned  in 

the  high-speed  mode  at 

approximately  1  acan/aecond 

providing  for  a  rapid  assessment  of  the  concentration  of  the  obscurant. 

Control  of  the  tranemiaaometer  was  aocompliahed  uaing  the  RS-232  data 
link;  operated  at  9600  baud,  to  a  CRT  terminal  looated  at  the  trailer  site  aome  200 
yards  up  range.  Uaing  the  remote  control,  it  was  possible  to  run  the  filter  wheel 
up  to  speed,  display  thn  data  output,  and  turn  the  wheel  off  at  the  end  of  the  run. 
Calibration  in  program  9  was  accomplished  locally  and  the  receiver  left  in  standby 
mode  pending  the  initiation  of  the  next  run. 

Data  recording  was  aocompliahed  by  using  *n  external  dedicated  2-80-based 
microcomputer  with  64K  memory.  Memory  capacity  waa  adequate  for  approximately  30 
scans  following  which  the  data  was  dumped  to  a  disc  file.  Data  coneiated  of  the 
filter  wheel  position  attenuator  setting,  and  data  (12  bits).  The  unprocessed  data 
output  was  taken  from  a  parallel  binary  output,  and  in  this  instance,  the  final  data 
reduction  waa  performed  on  the  raw  data  taken  from  the  diac.  Internal  proceaaing  of 
data  and  display  on  the  CRT  provided  a  very  efficient  quick  look  capability. 

Subsequent  to  these  measurements,  there  was  developed  a  technique  for 
performing  the  complete  data  processing  within  the  Mark  II  PCU.  This  technique 
enables  the  system  to  produce  both  normalized  analog  and  digital  information  at  a 
rate  of  1  scan  per  second,  and  waa  later  used  for  measurements  during  "Snow  Week"  to 
be  described  in  a  future  paper. 

System  performance  achieved  the  desired  goals.  Figure  6  illustrates  a 
spectral  scan  made  of  a  0.3  mil  sheet  of  polyethelene  with  a  Perkin-Elmer  Model  58QB 
Infrared  Spectro-photometer.  Figure  7  shows  a  spectral  scan  of  the  same  sheet  made 
from  reduced  transmiasometer  data. 
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From  a  practical  viewpoint,  the  system  worked  well.  Problems  were 
experienced  twice  with  lightning  strikes  in  the  test  vicinity,  which  knocked  out 
data  interface  chips  on  the  data  link.  The  receiver  worked  well  despite  partial 
coating  of  some  of  the  optical  elements  with  certain  obscurents.  The  calibration 
technique  which  normalizes  the  data  to  a  clear  atmospheric  path  allows  recalibration 
prior  to  each  run,  and  only  occasional  cleaning  was  necessary. 


4.  CONCLUSION 

This  paper  has  reviewed  the  major  concepts  and  features  concerning  a 
spectral  radiometer  that  has  been  custom-modified  for  studying  the  spectral 
transmission  of  obscurants  used  in  Smoke  Week  XX,  Capabilities  and  limitations  in 
spectral  resolution,  high  speed  spectral  scanning  and  normalisation  have  been 
described.  Performance  in  spectral  transm ission  analysis  has  been  compered  with  a 
precision  laboratory  research  spectrophotometer.  System  deployment  for  field 
measurements  during  Smoke  Week  XI  has  been  described,  as  wall  as  a  sample  of  the 
data  recorded  during  these  measurements.  In  the  field,  the  system  generally 
performed  according  to  specifications  in  all  modes  of  operation. 
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FIGURE  2.  TRANSMITTANCE-WAVELENGTH-TIME  DISPLAV.  Illustration  shows 

spectral  scans  during  Trial  16,  white  phosphorus  ,  100*  RH, 

Courtesy  Dr.  M.  Farmer,  The  University  of  Tennesee  Space  Institute. 
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FIGURE  4.  DEPLOYMENT  OF  TRANSM1 SSOMEVER  AT'  TEST  SITE.  (Top)  Source  at 
left  and  receiver  optical  head  at  right.  (Lower  Left)  CloBeup  of  source 
and  temperature  controller.  (Lower  Right)  Cloeeup  oJ  Optical  Head. 
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FIGURE  7.  SPECTRAL  SCAN  OP  SANE  POLYETHELENE.  Scan  was  mad*  with 

Mark  II  tranamiaaomatar  ayatam. 
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